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ABSTRACT
In Experiment I, 125 two-pronuclear murine ova were
cultured in either Ham's F-10 plus 15% human serum
(HF-lOh), on a monolayer of human uterine fibroblasts (HUC)
or fetal bovine uterine fibroblasts (FBUC).

After 96 hours

in culture# 2.4% embryos in HF-lOh were viable compared
with 45.2% and 61% for embryos on HUC and FBUC# respective
ly.

Results suggest that monolayers were advantageous to

medium alone for culturing murine embryos.
Experiment II was conducted to assess the development
of 117 bovine embryos in HF-10 (Treatment A), on a mono
layer of FBUC (Treatment B) or hormone-pretreated FBUC
(Treatment C).

Embryo viability assessed at 12# 24# 36,

48# 60 and 72 hours in culture.

The viability at 72 hours

was 38.5%, 87.2% and 76.9% for Treatments A# B and C,
respectively.

These results indicate FBUC were superior to

that of HF-10 medium alone for culturing bovine embryos.
In Experiment III, 45 equine embryos were cultured in
either Ham's F-12 plus 10% FCS (HF-12), on a monolayer of
fetal equine uterine fibroblasts (FEUC) or FBUC.

Results

suggest that early-stage embryos benefited from the FBUC
while later-stage embryos benefited when cultured in HF-12
alone.
In Experiment IV, 35 equine embryos were either
transferred to recipients or cultured on FBUC for 24 hours
prior to transfer to recipients.
xi

Pregnancy rate (PR) for

fresh embryos was 53.3% and not different from the 42.1% PR
for cultured embryos.

Results suggest that FBUC could be

used as a method for transporting equine embryos.
In Experiment V, 272 human IVF zygotes were cultured
for at least 24 hours in either Earle's Balanced Salt
solution (EBSS) or on FBUC prior to embryo replacement.
Incidence of implantation for embryos cultured in EBSS
alone was 17% which was lower than the 35% for co-cultured
embryos.

Results suggest that culture of human zygotes on

FBUC could be considered for improving pregnancy rates from
human IVF procedures.
Overall, fetal cells were advantageous over control
media in each experiment in this study.

Therefore, one

should not overlook this system in future embryo research
and commercial opportunities.

CHAPTER I
LITERATURE REVIEW
Introduction
In recent years, embryo collection and transfer in
bovine and equine has become an integral part of modern
cattle and horse management programs.

Major progress

towards practical application of embryo transfer procedures
occurred in the middle to late 1970's when techniques for
non-surgical collection were developed.

Non-surgical

transfer in cattle developed during this time period while
non-surgical transfer in horses did not develop until the
early 1980's.

During the late 1970's, cryopreservation of

bovine embryos and liquid nitrogen storage became a part of
the commercial transplant industry.

However, cryopreserva

tion of equine embryos has not been successful as with
bovine embryos.

Low pregnancy rates with frozen/thawed

embryos in equine recipients has made this methodology
impractical for storing or transporting embryos.
With the development of non-surgical embryo collection
procedures for both cattle and horses, there has been an
increase in research conducted in embryo culture systems to
develop optimum conditions for in vitro development.

Mouse

and rabbit embryos had been used primarily as models to
establish conditions required for bovine and equine embryo
culture systems.

These models were often used because of
1

the relative ease in acquiring embryos for in vitro culture
experiments.
Development of appropriate conditions for in vitro
culture of bovine and equine embryos could result in
alternatives to cryopreservation for short-term storage and
transport.

In addition, the ability for long-term culture

of early-stage equine embryos would allow a better under
standing of the origin and development of the embryonic
capsule.
There has also been increased efforts to develop
embryo culture systems following the advent of human in
vitro fertilization (IVF).

Use of human IVF technology has

increased worldwide in recent years.

In a 1986 summary

report, 41 clinics reported treating 3,055 different
patients, an increase of 580 patients (23.4%) over that of
1985 (Hedical Research International, 1988).

These figures

represent 2,389 and 2,864 embryo transfer cycles in 1985
and 1986, respectively.

During the last two years the

number of patients and treatment cycles have continued to
increase.
Early culture systems first developed for use with
human zygotes were also based on research using the mouse
embryo as a model.

Current culture systems have attempted

to hold one-cell human embryos for 24 to 48 hours in vitro
prior to replacement and(or) cryopreservation.
The following discussion reviews the development of
basic in vitro culture requirements for mammalian embryos.

All aspects of this area of research has made major con
tributions in understanding embryo development.
PART I
DEVELOPMENT OP IM VITRO CULTURE SYSTEMS
FOR MAMMALIAN EMBRYOS
Background
The ability to culture mammalian embryos outside the
female reproductive tract has interested researchers for
decades.

Originally, the rabbit embryo was cultured

exclusively in medium composed of biological fluids.
Biological fluids such as blood-plasma clots were the basis
for tissue culture medium used for routine in vitro cell
growth during this time (McWhorten and Whipple, 1912).
Advances in cell culture methodology began with the
discovery that serum was required for growth of cells in
vitro (Carrel, 1912).

Additional advancements resulted

when Eagle (1955) used established lines of HeLa and mouse
L-cells to evaluate the nutriental requirements needed
during the culture of mammalian cells.

Four years later it

was determined that these established cell lines could go
through serial passages using a medium consisting of a
"balanced" salt solution enriched with amino acids and
mammalian serum (Eagle, 1959).

These studies served as a

basis for development of mammalian cell culture techniques
and some of the basic in vitro culture requirements for
laboratory embryos.

4
culture of Rabbit Embryos in Biological Fluids
Maximow (1925) was one of the first researchers given
credit for successfully culturing rabbit embryos in vitro.
His embryo culture system consisted of embryonic discs from
day-6.5 rabbit blastocysts cultured with a plasma-bone
marrow extract solution under glass cover slips on a
microscope slide.

During these embryo cultures it was

noted that trophoblastic cell outgrowth developed after
several days in culture, which firmly attached to the
slide.
Lewis and Gregory (1929) performed the first studies
on cleavage of mammalian embryos using one-cell and
morulae-stage rabbit embryos cultured in blood plasma
clots.

Many of these one-cell embryos developed to the

eight-cell stage within 48 hours while several morulae
developed to blastocysts and remained viable for several
additional days.

These in vitro results were verified in a

later study by Gregory (1930).
Until the early to mid 1930's, embryo culture systems
consisted entirely of plasma clots occasionally supple
mented with bone marrow extracts.

Pincus (1937) studied

the effects of supplementation of plasma with additional
nutrients on developmental rates of rabbit embryos.

It was

noted that with the addition of glutathione to rabbit
embryos cultured in plasma, considerable embryonic expan
sion occurred in these embryos.

Subsequently, Miller and

Reimann (1940) showed that rabbit serum supplemented with

L-cysteine, D- and L-methionine would also stimulate expan
sion of rabbit blastocysts in culture.

However, after

comparing Eagle's Basal medium to Waymouth's medium,
undiluted rabbit serum was reported to still provide the
best conditions for development of rabbit embryos to the
early blastocyst stage (Pershottam and Pincus, 1961).
Similarly, Onuma et al. (1968) confirmed that rabbit
embryos would readily develop into expanded blastocysts and
hatch in either rabbit or bovine serum, regardless of
glucose supplementation.
It is generally accepted today that blood serum will
allow growth of embryos in vitro.

However, Chang (1949)

noted the presence of heat labile factors in serum was
lethal to rabbit embryos.

In this study, a 10-minute

exposure to untreated rabbit serum was sufficient to kill
all exposed embryos.

The factors could be eliminated by

heat treating the serum at 55°C for 30 minutes.
Rabbit oviductal fluid was also found to support
development of the preimplantation rabbit embryo.

Kille

and Hamner (1973) have reported that day-8 oviductal fluid
(day-0 = ovulation) would allow 88% of four-cell rabbit
embryos to develop to the expanded blastocyst stage.

These

researchers suggested that some component that was heat
labile significantly enhanced the developmental capacity of
the early-stage embryo.
Reports up to this time indicate that biological
fluids, particularly heat-treated serum, would allow embryo

development to occur in vitro.

However, the exact mecha

nisms involved in allowing this development were not
understood.

Therefore, the determination of nutritive

requirements for preimplantation embryos would have to
await development of chemically derived culture media.
CULTURE OF MAMMALIAN EMBRYOS IN "SEMI-DEFINED" MEDIA
Mouse Embryos
A major goal in the area of embryo culture has been
the development of strictly defined, reliable and reproduc
ible culture media.

In the present review, the term

"defined medium" is restricted to media prepared from
ingredients consisting of synthetic components.

The term

"semi-defined medium" is used for media prepared from
ingredients to which serum, albumin or other proteins have
been added as a source of macromolecules.
The first major success in the culture of rodent
preimplantation embryos using serai-defined medium was ac
complished by Hammond (1949).

Eight-cell mouse embryos

were successfully cultured to blastocysts using physiologi
cal saline supplemented with egg white and yolk of domestic
chickens.

It was also noted that the development of mouse

embryos in vitro was dependent on the stage that they are
collected.

Eight-cell mouse embryos could be successfully

cultured into blastocysts but not similar two-cell embryos.
Hammond's observation on effect of embryo stage at collec
tion on in vitro development was later confirmed by Whitten
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(1956a).
Whitten (1956a) also noted that mouse embryos failed
to develop in a pH >7.7 using Hammond's saline-egg white
solution.

Because of difficulties in the control of pH,

Whitten adapted Kreb's-Ringer Bicarbonate solution (Kreb's
and Henseleit, 1932) containing penicillin and streptomycin
in place of the physiological saline for culturing mouse
embryos.

Whitten also reported that embryo development

continued when the egg white was replaced with crystalline
bovine serum albumin (BSA) in concentrations ranging from
.03% to 6%.

McLaren and Biggers (1958) confirmed this

finding and reported that these blastocysts developed into
normal young when transferred to uteri of recipient mice.
However, addition of progesterone to this medium (above a
concentration of 8 jtig/ml) was able to stop embryonic
development (Whitten, 1956b; 1957a,b).
Prior to 1956, research had failed to obtain develop
ment of cultured mouse embryos when collected prior to the
eight-cell stage.

However, when calcium lactate was used

in place of the calcium chloride found in Kreb's-Ringer
Bicarbonate, results demonstrated that two-cell embryos
could then develop into blastocysts in vitro (Whitten,
1956b).

The Kreb's Ringer medium was improved by the

addition of sodium lactate (Brinster, 1963).

Further

improvements on Brinster's medium using response curves
determined that an osmolarity of 276 mOsm and pH of 6.82
were optimal for in vitro mouse embryo culture (Brinster,

1965a,b).

Addition of sodium pyruvate also provided

beneficial effects on embryo development (Brinster, 1965c).
Culture of two-cell mouse embryos for 72 hours using this
modified medium resulted in offspring after transfer into
recipient mice (Biggers et al., 1965).
With the development of Brinster's medium (1965c),
two-cell embryos could readily develop to blastocysts.
However, some one-cell mouse embryos did divide into twocells but then they degenerated.

Such a response has

become known as the "two-cell block."

Whitten and Biggers

(1968) were first to report that using certain inbred
strains of mice, complete preimplantation development could
be obtained in vitro.

These researchers suggested that

genetic factors play a role in the occurrence of the two
cell block in mice.
Another feature when culturing mouse preimplantation
embryos was that Kreb's-Ringer Bicarbonate medium did not
support differentiation of the blastocyst stage.

Gwatkin

(1966) cultured hatched blastocysts remained free-floating
until they collapsed and degenerated.

Earlier studies by

Mintz (1964) showed that mouse blastocysts attached and
migrated on the surface of petri dishes when cultured in a
medium consisting of fetal calf serum (FCS) and Earle's
Balanced Salt solution.

Gwatkin (1966) cultured mouse

blastocysts in Ham's F-10 (Ham, 1963) supplemented with
FCS, and noted that these blastocysts attached to the
bottom of the petri dish.

These embryos developed exten

sive outgrowths showing that hatched blastocysts from mice
may require a more complex medium to continue development
than commonly used to culture two-cell embryos in vitro.
In summary, chicken egg white and yolk, serum and BSA
all provide some necessary constituents for in vitro
embryonic development.

The exact embryotropic substances

have not been elucidated.

In addition, nutritional

requirements of hatched blastocysts may be more complex and
require a more complete medium for continued differentia
tion and growth.
Rabbit Embrvos
With the success in developing semi-defined medium to
culture mouse embryos, there was a renewal of interest in
developing a chemically defined medium that would support
preimplantation development of rabbit embryos.

Purshottam

and Pincus (1961) cultured two-cell rabbit embryos in
Kreb's-Ringer Bicarbonate supplemented with glucose and BSA
as well as in protein-free Waymouth's medium (Waymouth,
1959) and had no embryonic development in either medium.
However, these researchers found that when using Eagle's
basal medium with no serum supplement, embryos cleaved to
morulae.

When Eagle's medium was supplemented with equine,

human and in particular rabbit serum, the embryos developed
to early blastocysts.

Although rabbit serum used alone as

a culture medium still provided the best overall results.
It was concluded that prior to blastocyst formation,
nutritional requirements may be simple, but that serum

10

components were required after the blastocyst stage was
reached.
Edwards (1964) compared development of zona-free
rabbit embryos in Fischer's medium (Fischer, 1947),
Waymouth's and Ham's F-10, all supplemented with 10% rabbit
serum.

Edwards reported that rabbit embryos underwent

several cleavage divisions in all three media.

Daniel

(1965), in an attempt to improve the growth of day-5
blastocysts in culture, added various substances to
existing Ham's F-10 medium supplemented with 15% rabbit
serum.

As a result, it was recommended that Ham's F-10

medium should be modified by adding lactate and glycogen,
increase the concentration of various amino acids and
reduce the glucose concentration.
(1967)

Daniel and Krishnan

in a later study determined the 10 amino acids are

considered necessary for blastocyst expansion.

Krishnan

and Daniel (1967) and also isolated a uterine protein from
the rabbit in the early stage of pregnancy and subsequently
named it "blastokinin."

It was demonstrated in this study

that a high proportion of rabbit morulae could develop to
expanded blastocysts in Ham's F-10 medium without the use
of serum, with the addition of blastokinin.

The chemical

nature of blastokinin was not determined at the time of
this report.
Kane and Foote (1970) attempted to find a medium that
would support development of two-cell rabbit embryos to
expanded blastocysts.

Ham's F-10 supplemented with 1.5%
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BSA instead of serum was found to support development to
expanded blastocysts.

Using this same culture medium,

Binkerd and Anderson (1975) further demonstrated that
acceptable pregnancy rates could be achieved after cultur
ing two-cell embryos for 36 to 48 hours prior to transfer.
In a more recent study, Kane and Headon (1980) indicated
that the property for promoting blastocyst development and
hatching was not due to albumin, but rather was associated
with a higher molecular weight fraction of the BSA.
Furthermore, the addition of .11 mg/ml sodium pyruvate
to Ham's F-10 containing 1.5% BSA has been reported to
increase the developmental rate of one-cell rabbit embryos
(Kane and Foote, 1971).

However, it was noted that the

addition of pyruvate had no beneficial effect on two- and
four-cell embryos.

In a subsequent study, Kane (1979)

demonstrated that the addition of pyruvate and certain
fatty acids to a simple salt solution allowed rabbit
morulae to develop to blastocysts.

It was suggested that

the added fatty acids could function as energy sources for
the developing one-cell rabbit embryos.
Reports to date demonstrate that early-stage rabbit
embryos can develop in chemically semi-defined media to the
morula stage.

However, serum or BSA components are

necessary for blastocyst formation to occur in vitro.

The

use of Ham's F-10 medium appears to provide the necessary
amino acids, vitamins, trace elements and nucleic acid
precursors for rabbit embryo development.

Bovine Einbrvos
Like media used to culture embryos of laboratory
species, the first media tested on bovine embryos consisted
of either plasma, sera or other undefined biological
fluids.

Dowling (1949) used an egg white and yolk-saline

medium developed by Hammond (1949) for mouse embryo
culture, and found that only one of 14 eight-cell embryos
developed to the 16-cell stage.

Pincus (1951) proposed

that early-stage cow embryos could cleave when cultured in
serum (cited by Brock and Rowson, 1952).

However, Brock

and Rowson (1952) attempted to culture four-cell embryos in
serum but only limited cleavage occurred with no develop
ment after 48 hours in culture.

Furthermore, no division

of four-cell embryos occurred when cultured in bovine
follicular fluid.
Hafez et al. (1963) attempted to culture 97 fertilized
ova (one- to 32-cell stages) in autologous bovine serum
diluted with a physiological saline solution, however, only
one cleavage occurred with these cultured ova.

Thibault

(1966) conducted a study where early-stage bovine embryos
were cultured in various undefined biological-based fluid
media.

These embryos were cultured in either amniotic

fluid, Loche's medium with serum, aqueous humor or fol
licular fluid.

Bovine amniotic fluid proved to be highly

toxic and follicular fluid supported only one cleavage
division for the cultured bovine embryos.
Sreenan et al. (1968) have attempted to fractionate

bovine follicular fluid in an effort to determine which
component was responsible for embryo development.

One- to

eight-cell bovine embryos were cultured at 37°C in sealed
1 ml tubes containing follicular fluid and other media.
The media used were a 1:1 mixture of homologous serum and
physiological saline, follicular fluid preparation and
Eagle's medium supplemented with FCS.

Type-A follicular

fluid was unfractionated and often gelled during culture.
Type-B follicular fluid was centrifuged and the supernatant
was used for culture.

Only limited cleavage (one division)

occurred after 60 hours for those embryos cultured in TypeB follicular fluid and in serum-supplemented Eagle's
medium.

However, more cleavage divisions were noted for

those embryos cultured in ligated rabbit oviducts during a
similar 60- to 72-hour culture period (Sreenan et al.,
1968; Sreenan and Scanlon, 1968).
Onuma and Foote (1969) conducted a study to compare
development of surgically-collected bovine embryos in
various media.

Embryos were cultured in bovine serum,

rabbit serum, Kreb's-Ringer Bicarbonate supplemented with
10% bovine serum, Ham's F-10 alone and follicular fluid.
In this study, there was no effect of culture medium on
embryo cleavage, however, the 16-cell stage was not ex
ceeded in any treatment groups.

The majority of these

embryos began exhibiting signs of degeneration after 1 or 2
days in culture.
Rowson et al. (1969) reported no pregnancies when 30

embryos were cultured in homologous serum and surgically
transferred to recipient cattle.

Pregnancies were a-

chieved, however, when embryos were cultured in Tissue
Culture Medium-199 (TCM-199) and surgically transferred.
Seidel et al. (1971) noted that bovine embryos had a high
cleavage index when cultured in Ham's F-10 supplemented
with 1.5% BSA.

In this experiment, one- to three-cell

embryos were cultured at 37°C in a humidified atmosphere of
95% air and 5% C02 for 48 hours.

Most embryos did cleave

normally in the first 24 hours with only fragmentation and
disintegration occurring over the following 24-hour period.
Territ et al. (1972) successfully cultured one-cell
and eight-cell bovine embryos to the morula and blastocyst
stages.

The culture medium used was based on the com

ponents of oviductal secretions (Restall and Wales, 1966).
Most embryos cultured in this medium had a cleavage rate
that was less than that for in vivo embryos.

Another

medium used for culturing bovine embryos is Menezo's B2
medium (Menezo, 1976) which is also based on components
found in oviductal fluid.

Renard et al. (1976) cultured

day-6 and day-7 embryos for 2 to 4 days in either B2 or
Brinster's medium.

Cultures were performed in closed tubes

under oil with the atmosphere composed of 5% 02 , 5% C02 and
90% N2.

For embryos cultured in B2 , 65% developed to

hatching blastocysts compared with 18% for embryos cultured
in Brinster's medium.

McKenzie and Kenney (1973) also

attempted to culture early-stage bovine embryos in
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Brinster's synthetic medium.

However, only 28% of one

cell embryos developed to the eight-cell stage.
Gordon (1976) cultured bovine embryos ranging from
two-cell to morulae in either TCM-199 supplemented with 15%
FCS or phosphate-buffered saline supplemented with 20%
sheep serum at 30*C.

Sixty percent of the embryos cultured

in phosphate-buffered saline and sheep serum continued to
develop in culture compared with only 3.7% of the embryos
cultured in TCM-199 and FCS.
In an earlier study, Sreenan et al. (1975) evaluated
the effects of culture media and storage time on the
survival of bovine embryos following transfer.

Embryos

were cultured in TCM-199 containing Earle's Balanced Salt
solution buffered with sodium bicarbonate (TCM-199B) or in
TCM-199 containing Hank's Balanced Salt solution buffered
with HEPES buffer (TCM-199H).

Harvested embryos were

cultured in fresh aliquots of medium in sealed dishes for
time periods ranging from 40 minutes to 8 hours at tempera
tures from 25°C to 30°C.

Results indicated that number of

cultured embryos developing into pregnancies was not
affected by type of medium used.

However, pregnancies

tended to be slightly higher for embryos cultured in TCM199B.

The pH of TCM-199B changed from 7.0 at the onset of

culture to 8.5 after 3 hours in culture.

The pH of TCM-

199H only changed from 7.0 at the onset of culture to 7.3
after 6 hours in culture.

Embryo survival after transfer

consequently was not affected by pH.

Pregnancy rates
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dropped significantly from 75% for embryos stored up to 2
hours to only 30% for embryos cultured for up to 8 hours.
Bowen et al. (1975) cultured bovine embryos in differ
ent culture media at two osmolalities (270 and 300 mOsm).
Results indicated that 12 of 16 two- to eight-cell embryos
cleaved once and eight of nine morulae developed to
blastocysts when cultured in Ham's F-10 at 270 mOsm.

In

addition, Wright et al. (1976a) have evaluated several
media and gaseous atmospheres for culture of bovine
embryos.

Embryos were cultured in Minimum Essential Medium

(MEM), TCM-199 and Ham's F-10, supplemented with either 10%
or 50% FCS.

Embryos were either cultured in a reduced

oxygen atmosphere of 90% N2 , 5% C02 and 5% 02 or only 5%
C02 in air.

Ham's F-10 with 10% or 50% FCS was the only

medium to support development of eight-cell embryos to the
expanded blastocyst stage.

This was the first report

describing In vitro expansion of bovine blastocysts from
the eight-cell stage.

Subsequently, Wright et al. (1976b)

reported the complete in vitro hatching of bovine blas
tocysts from the eight-cell stage.

It was noted that Ham's

F-10 supplemented with 10% FCS allowed for better embryonic
development to occur than when 1.5% BSA was used as a
protein supplement.
Allen et al. (1982) have compared FCS to less expen
sive newborn calf serum and normal steer serum as medium
supplements for in vitro development of bovine morulae.
From this study it was concluded that Ham's F-10 supple
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mented with either newborn calf or normal steer serum
allowed a high percentage of morulae to develop to hatched
blastocysts.
Rajamahendran et al. (1985) also noted that a high
percentage of morulae could develop to expanded blastocysts
when cultured in Ham's F-10 supplemented with 10% normal
steer serum.

Subsequently, Smith et al. (1986) reported

that Ham's F-10 supplemented with 20% FCS was superior to
Dulbecco's phosphate-buffered saline (DPBS) containing 1.2
mg/ml glucose and 20% FCS for the development of morulae to
expanded blastocysts in vitro.

Recently, Toole et al.

(1988) have attempted to improve the culture conditions of
Ham's F-10 by addition of uterine proteins to the medium.
However, results from this study indicated that there was
no overall improvement in the development of bovine morulae
to hatching blastocysts.

Although great strides have been

made in embryo culture in recent years, much remains to be
done to develop media and methodologies specific for bovine
embryos.

For example, little is known about the metabolism

of bovine embryos or the incorporation of amino acids
and(or) nucleic acid precursors into macromolecules.

As

with laboratory animals, bovine embryos with fewer than
eight cells are more difficult to culture to the blastocyst
stage than are more advanced embryos.

When placed in

culture, bovine morulae can usually form blastocysts.
Bovine embryo development has been reported to occur in a
variety of culture conditions, media and supplements, as
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well as gaseous atmospheres.
Ham's F-10 appears to be the medium of choice and
there appears to be of little advantage in supplementing
medium with more than 10% FCS.

Optimal concentrations of

BSA have not yet been determined.

A reduced oxygen

atmosphere of 5% C02, 5% 02 and 90% N2 is equal in most
instances to 5% C02 in air for promoting embryo develop
ment.

However, additional basic studies are needed so that

improved methods can be developed for maintaining bovine
embryos in vitro.
Eauine Embrvos
The equine embryo undergoes morphological changes in
the uterus after leaving the oviduct on approximately day 6
post-ovulation (ovulation = day 0), when it has reached the
late morula or early blastocyst stage of development.

The

zona pellucida is still found encompassing the entire
embryo at this time (Oguri and Tsutsumi, 1972; Betteridge
et al., 1982).

Once in the uterus, the embryo undergoes

many changes while rapid growth is occurring (Betteridge et
al., 1982).

Soon after entering the uterus, an acellular

"capsule" begins to surround the embryo long before its
attachment to the uterus.

The capsule is first recog

nizable around day 6.5, and begins to develop between the
trophoblast and the zona pellucida.

After formation of the

capsule under the zona pellucida, the zona pellucida
becomes increasingly thinner and is subsequently shed in
several pieces (Betteridge et al., 1982; Betteridge and
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Guillomot, 1982; Flood et al., 1982; and Wilson et al.,
1987).
A comparable structure envelopes the rabbit blastocyst
4.5 days post-coitum.

Denker and Gerdes (1979) have

described the trilaminar nature of the rabbit blastocyst.
The innermost portion of this covering or the "neozona"
seems to be analogous to the equine capsule forming on the
inside of the zona pellucida.

The exact origin or role of

the equine capsule remains to be determined.
Very little research has been conducted in an attempt
to develop culture systems for in vitro development of
equine embryos.

Furthermore, little is known about the

requirements needed for equine embryos to grow and develop
while in culture.
Culture research, specifically for equine embryos, has
been stimulated by the need for storing embryos until
transfer to recipients.

Due to the relatively poor ability

of equine embryos to survive cryopreservation, attempts
have been made to develop culture systems (Czlonkowska et
al., 1985).

In an earlier study, Allen et al. (1976)

successfully transported equine embryos to another station
in the ligated oviducts of rabbits.
Attempts at culturing equine embryos in vitro prior to
transfer have resulted in variable success rates.

In one

study, Irael (1981) reported that culturing equine embryos
in DPBS with 20% heat-treated steer serum for 24 hours
prior to transfer produced no pregnancies.

Douglas (1982)

20

also reported that maintenance of equine embryos in DPBS
plus 20% FCS for greater than 6 hours resulted in sig
nificantly reduced pregnancy rates over that of freshtransferred embryos.

In an earlier study, Allen and Rowson

(1975) have shown that TCM-199 medium was also capable of
maintaining viability of equine embryos prior to transfer.
In a recent study, Clark et al. (1987) compared the effects
of three culture conditions on embryo development.

Intact

and bisected embryos were cultured in Ham's F-10 plus 10%
FCS with 5% C02 at 24°C, MEM plus 10% FCS in air at 24°C or
MEM plus 10% FCS at 5°C in air.

Whole embryos cultured in

MEM at 5°C or 24"C did not advance in development after 24
hours in culture, whereas those stored in Ham's F-10 at
24°C were more advanced in development after 24 hours in
culture.

Quality of whole and bisected embryos was better

for those stored in Ham's F-10 compared with MEM.

In

addition, culture of postcapsulated equine embryos for 12
hours did not significantly decrease pregnancy rates after
transfer.
Carnevale et al. (1987) have stored equine embryos at
5°c for 24 hours in either Ham's F-10 plus 10% FCS and
buffered with 5% C02 or in Ham's F-10 plus 10% FCS with
HEPES buffer.

In this study, embryos cultured in Ham's F-

10 with C02 maintained better embryo quality scores and had
a larger average increase in diameter than embryos stored
in HEPES-buffered Ham's F-10.
Specific culture conditions for in vitro development
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of equine embryos have not yet been elucidated.

Efforts

have been made to develop short-term holding systems to
transport equine embryos.

Further research to determine

basic requirements necessary for equine embryo development
is needed.

In addition, systems that would allow for in

vitro development of the equine embryonic capsule may aid
in determining its origin and function.
Human Embryos
The use of human embryos in culture was first describ
ed by Edwards et al. (1970).

However, it was not deter

mined until 1978 that a human oocyte could develop into a
term pregnancy after it had been fertilized and cultured in
vitro. With the advent of this technology, use of in vitro
fertilization (IVF) as a therapeutic procedure has in
creased dramatically.
Optimal in vitro culture conditions for human embryos
have not been defined.

Media used for culturing human

oocytes and embryos in vitro have been adapted from culture
systems used for mammalian embryos, primarily from mouse
preimplantation embryos.

Although these media often

support human embryonic development in vitro, it is possi
ble that they provide embryos with a suboptimal growth
environment.

Inadequate culture systems used in human IVF

may partially explain the high rate of embryonic loss
following embryo replacement in IVF clinics at the present
time (Bolton and Braude, 1987).
Human zygotes and early-stage embryos are atypical

22

in development when compared with embryos of domesticated
species.

There is no evidence that an In vitro cell block

occurs during blastomere division.

Two pronuclear zygotes

have been successfully cultured to the 16-cell stage
(Edwards et al., 1970; Sundrstrdm, et al., 1981) as well as
to the expanded blastocyst stage (Steptoe et al., 1971).
Zygotes in these studies had been cultured in Ham's F-10
supplemented with either FCS or homologus human serum.
In humans, the highest rate of embryonic degeneration
is thought to occur after either the four- or the eight
cell stage of in vitro embryo development (Fehilly et al.,
1985).

In this study, surplus human embryos were cultured

to the blastocyst stage for cry©preservation during
therapeutic IVF cycles.

Of 784 pronucleate embryos

cultured, 75% were developed to the four- and eight-cell
stages in vitro.

However, only 34% of these embryos

progressed to expanded blastocysts in culture.

Suboptimal

culture conditions were likely responsible for a proportion
of this embryo developmental failure.

Due to the incidence

of embryonic death resulting after the eight-cell stage,
most IVF clinics routinely replace embryos at the two- and
four-cell stages (Edwards et al., 1984).
Currently, most IVF clinics accept the belief that the
highest implantation rates are achieved when embryo culture
is kept to a minimum.

Therefore, little research has been

conducted in recent years to improve the culture conditions
for human embryos.

Generally, most IVF clinics mature

oocytes in the same fluid medium used for embryo culture.
Edwards et al. (1970) cultured human oocytes fertilized in
vitro in Whittingham's medium (Whittingham, 1968a),
Whitten's, Waymouth, TCM-199 and Ham's F-10 media.

All

except Whittingham's and Whitten's media were supplemented
with either 15% or 20% FCS.

Most embryos cleaved regularly

and reached the eight-cell stage in the medium tested.
However, only embryos cultured in Ham's F-10 with 20% FCS
and having an osmotic pressure of 300 mOsm were able to
cleave to the 16-cell stage.

It was noted that embryos

cultured in Ham's F-10 medium had the best overall embryo
morphology scores,

steptoe et al. (1971) verified these

findings and cultured oocytes fertilized in vitro to
expanded blastocysts using the same medium.

Since research

studies have confirmed that human embryos could cleave to
the 16-cell stage, most IVF clinics in North America have
adopted the Ham's F-10 culture medium for routine culture
of human embryos in vitro.
More recently, human embryos have been successfully
cultured with acceptable pregnancy rates in Ham's F-10
supplemented with 15% human serum, calcium lactate,
penicillin and streptomycin (Lopata et al., 1980; Mohr and
Trounson, 1982; Trounson et al., 1982; Lopata, 1983).
Embryos have also been successfully cultured in Ham's F-10
supplemented with 15% heat-inactivated fetal cord serum
(Veek et al., 1983; Wortham et al., 1983).
Early-stage human IVF embryos have also been cultured
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in Earle's medium, a relatively simple salt solution.
Earle's medium being less complex, contains less vitamins,
amino acids and minerals than does Ham's F-10 medium.
Earle's medium is supplemented with pyruvate and 15%
patient serum for oocyte maturation and subsequent embryo
culture.

Embryos cultured in Earle's medium have developed

to the two- and four-cell stage (Edwards et al., 1984), 10cell stage (Cohen et al., 1986) and expanded blastocyst
stage (Cohen et al., 1985, 1986; Fehilly et al., 1986).
Furthermore, Quinn et al. (1985) have cultured IVF
embryos in medium based on the composition of human tubal
fluid (HTF) or in a modified Tyrode's medium.

In this

study, type of medium had no affect on percentage of
oocytes that cleaved.

However, a higher patient pregnancy

rate occurred after replacement when embryos were cultured
in HTF medium for 24 hours.

The major difference between

Tyrodes and HTF medium was the ratio of Na+ to K+ ions;
with the ratio in the HTF medium being four-fold lower than
the Na+ to K+ ratio found in Tyrode's medium.

These

researchers concluded that the ratio of Na+ to K+ was
important in development of subsequent pregnancies after
embryo replacement.
Menezo et al. (1984) have also cultured human embryos
in medium based on composition of oviductal fluid.

In

their study, 80% of the cultured embryos cleaved when
cultured in either Menezo.'s B2 or B3 medium.

The dif

ference between B2 and B3 medium is that B3 uses a purified
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form of human serum albumin as a protein source in place of
the BSA in the B2 medium.
Results to date demonstrate that human embryos can
cleave in a variety of media commonly used for embryos of
laboratory and domesticated species.

However, some factors

yet determined may be absent because the rate of implanta
tion from cultured embryos tends to be lower than the
cleavage rate of oocytes fertilized in vitro.

Pregnancy

rates in today's IVF clinics suggest that there is still
much improvement to be made in the area of human embryo
culture systems.
PART II
ORGAN AND CO-CULTURE SYSTEMS FOR MAMMALIAN EMBRYOS
Organ Systems
Many refinements in culture media have improved the
culture conditions for mammalian embryos.

However, many

factors or components remain unidentified that are present
in the oviductal and(or) uterine environment that appear to
be necessary for normal embryo development in vitro.
Although researchers have attempted to reproduce the
conditions found in the oviduct and uterus, this has not
been successfully replicated in vitro.
Biggers et al. (1962) were among the first to use
organ culture systems consisting of entire mouse oviducts
placed in a chemically defined medium to evaluate mouse
embryo development in vitro.

Oviducts containing one-cell

embryos were cultured at 37"C in a 5% C02 humidified
atmosphere.

Results from this study demonstrate that mouse

embryos could develop in vitro to expanded blastocysts
within oviducts maintained on a defined medium.

The

control medium used did not allow development of earlystage mouse embryos outside the oviducts, even when supple
mented with serum.

These researchers proposed that the

oviductal organ culture system provided factors that were
essential for the first three cleavage divisions to occur.
In addition, they indicated that early embryonic develop
ment within the oviduct may not be dependent on a continual
hormone exposure or that the effects of hormones prior to
culture were sustained in vitro.
In a later study, Whittingham and Biggers (1967)
provided evidence that one-cell mouse embryos could develop
into two-cell embryos independent of the oviductal organ
culture system using the same culture medium as described
by Biggers et al. (1962).

These researchers then demon

strated that two-cell embryos produced this way were
capable of further development to expanded blastocysts,
only if transferred to mouse oviductal organ culture
systems between the first and second cleavage division.
These results suggested that the oviductal organ culture
systems were providing the necessary constituents for
further embryo development beyond the two-cell stage.
Whittingham (1968b) also provided evidence that two
cell embryos would develop into expanded blastocysts in
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organ culture only when placed in the ampullar region of
the oviduct, not the isthmitic region of the oviduct.

This

experiment suggested that the ampullar region of the
oviduct provides either the special nutrients or environ
mental conditions necessary for development of mouse two
cell embryos.
Although explanted oviducts in an organ culture system
proved that mouse embryos could overcome the two-cell
block, disadvantages exist with the use of such systems.
Explanted oviducts could degenerate while in culture or
become contaminated with microorganisms, thereby causing
embryo mortality.

In addition, the question arises whether

the contribution by the oviduct is dependent on a hormonal
or estrous cycle influence.

Beyers and Zeilmaker (1972)

evaluated the effects of oviductal environment in pre
pubertal, cyclic and pregnant mice as well as prepubertal
rats on the development of rat and mouse embryos in vivo
after transfer.

It was noted that a high percentage of

one-cell embryos developed to the morula and blastocyst
stage, regardless of the cyclic status of recipients at the
time of transfer.

Papaioannou and Ebert (1986) have also

demonstrated that the oviducts of immature mice provided a
suitable in vivo environment for the development of blasto
cysts from one-cell mouse embryos.
Embryos from rabbits and other domestic species have
also been cultured in the oviducts of surrogate females.
Early-stage embryos from sheep and cattle placed in rabbit

oviducts continue to develop, and have resulted in live
births following transfer to recipients (Hunter et al.,
1972; Lawson et al., 1972).

In the latter study, it was

concluded that one- to eight-cell bovine embryos can
continue to develop and remain viable after at least 3 days
in the oviducts of intact rabbits.

Live births have also

resulted from the transport of equine embryos using the
rabbit as an intermediate host (Allen et al., 1976).

In

addition, Ebert and Papaioannou (1989) have shown that
rabbit embryos can develop normally in oviducts of immature
mice.

Willadsen (1979, 1980, 1981) has used the ewe as an

intermediate host for embryo development prior to embryo
transfer.

Eyestone et al. (1987a) have recently demon

strated that both one- and two-cell bovine embryos could
develop to the blastocyst stage and result in transfer
pregnancies when cultured in the oviducts of either
asynchronous or anestrous ewes.
Oviductal organ culture systems and in vivo oviduct
culture methodology for embryo development have given
useful information to researchers developing in vitro
culture systems.

However, these approaches are labor

intensive, time-consuming and often result in embryo loss
during the retrieval process from the oviducts.

In

addition, the care and maintenance of surrogate recipients
for embryo culture experiments usually prove to be costly.
Co-culture systems
Enhanced in vitro development of embryos cultured in

the presence of cells was first reported for mouse embryos
in co-culture with irradiated HeLa cells (Cole and Paul,
1965).

In this study, two- and four-cell mouse embryos

cultured on HeLa cells with Waymouth's medium resulted in a
higher proportion of embryos reaching the hatched blas
tocyst stage.

Many of these embryos subsequently attached

to the substratum, initiating an outgrowth from the
trophoblast cells.

Glass et al. (1979) also reported the

attachment and trophoblastic outgrowth from hatched mouse
blastocysts when cultured on a variety of feeder cell
types.

The specific contribution of the feeder layer was

unclear to these researchers, since the number of blas
tocysts attaching to the stratum was not altered by the
type of feeder cells used in these culture systems.
Improved in vitro development of porcine and bovine
embryos has also been reported when using feeder cells
(Kuzan and Wright, 1982a,b).

Kuzan and Wright (1982a) in

the first part of a study, noted that porcine morulae
developed to hatched blastocysts at similar rates whether
cultured in medium alone, medium conditioned by bovine
uterine fibroblasts or when co-cultured with bovine uterine
fibroblasts.

In contrast, co-culture with bovine testi

cular fibroblasts was found to significantly reduce the
number of morulae developing to blastocysts.

In the second

experiment of this same study, Kuzan and Wright (1982a)
also noted that a higher percentage of initially cultured
porcine blastocysts hatched when placed on a monolayer of
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bovine uterine fibroblasts when compared with that of
either conditioned or fresh medium.

The discrepancy

between these two experiments is unclear, although these
researchers indicated that the culture requirements for
porcine morulae were likely different from that of blas
tocysts (porcine blastocysts may benefit from co-culture
while morulae do not benefit).

Allen and Wright (1984)

reported an increase in embryo development scores of four
cell to morulae-stage porcine embryos co-cultured with
either endometrial or ovarian fibroblasts.

It was con

cluded that cell to embryo contact was responsible for the
enhanced in vitro development in the co-culture system.
In a similar study with cattle embryos, Kuzan and
Wright (1982b) evaluated the effects of various cell types
and different non-cellular surfaces on the development of
bovine morulae in vitro.

Results suggested that co-culture

of morulae with bovine fibroblasts provided an excellent
environment for promoting embryo cleavage, hatching and
subsequent attaching of bovine embryos.

In this study,

medium alone, fibroblast conditioned medium and co-culture
with endometrial explants did not support development of
morulae to hatching as effectively as a monolayer of bovine
uterine fibroblasts.

However, it was noticed that hatched

blastocysts in this study were approximately 24 hours
behind the rate of development that normally would occur in
vivo (Kuzan and Wright, 1982b).
Voelkel et al. (1985) have demonstrated that co-

31

culture of bisected embryos on a monolayer of bovine
uterine fibroblasts also produced positive results.

In. the

latter study, more than half of the bovine demi-erobryos
developed and remained viable after 72 hours in culture
compared with only 18% developing for embryos in medium
alone.
Utilization of co-culture systems has also been
reported to enhance in vitro development of early-stage
sheep embryos (Gandolfi and Moor, 1987; Rexroad and Powell,
1988a,b).

Gandolfi and Moor (1987) cultured pronucleate

embryos for 3 or 6 days on oviductal cells, uterine
fibroblasts or medium alone.

During the first 3 days of

culture, almost all the co-cultured embryos cleaved
regularly compared with only 13% for those in medium alone.
However, after 6 days in culture, very few embryos had
developed into expanded blastocysts when cultured on the
fibroblasts.

It was concluded that oviductal cells were

able to support passage of ovine embryos through the
critical fourth cleavage division while fibroblasts were
apparently unable to support this critical phase.

Rexroad

and Powell (1988a,b) also noted that co-culture of one- to
eight-cell sheep embryos with oviductal cells improved the
development of transferred embryos compared with those
cultured in medium alone prior to transfer.
Another culture system developed in recent years is
the co-culture of farm animal embryos with trophoblastic
vesicles.

Camous et al. (1984) co-cultured one- to eight-

cell bovine embryos with trophoblastic vesicles developed
from day-13 or day-14 bovine embryos.

In this study,

development of one- to eight-cell embryos was improved with
co-culture using one or two trophoblastic vesicles.

At the

end of the culture period, 46% of the embryos had developed
to morulae compared with 18% in Menezo's B2 control medium.
In vitro cleavage of one-cell ovine embryos was also stimu
lated by the use of ovine trophoblastic vesicles (Heyman et
al., 1987).

In this study, 75% of the one-cell embryos had

greater than 16 cells when co-cultured with trophoblastic
vesicles compared with 29% for those cultured in medium
alone.
The advantage of co-culture systems for in vitro
development of murine, porcine, bovine and ovine embryos
remains to be elucidated.

Cole and Paul (1965) suggested

that a cell monolayer system .could influence the avail
ability of pyruvate and(or) lactate for use by the develop
ing embryo.

Kuzan and Wright (1982a,b) have hypothesized

that the cellular monolayer may remove toxic substances or
produce factors that allow enhanced development to occur.
Allen and Wright (1984) have suggested that embryo to
fibroblast contact may initiate the synthesis of various
beneficial substances that are easily utilized by the
embryo for in vitro development.

Camous et al. (1984) have

postulated that trophoblastic vesicles may produce lipid
components during culture that are erabryotropic in nature.
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Concluding .Remarks
Based on the results presented from the first attempts
to culture embryos to the most recent systems now being
evaluated, it is evident that in vitro development of mam
malian embryos is a complex interaction.

Although ac

complishments have been made in developing in vitro culture
methodology for embryos from laboratory animal species,
more research is needed to specifically identify the
nutrient requirements for in vitro development of embryos
from economically-important domestic animals.
Co-culture systems appear to provide an excellent
environment for in vitro development of mammalian embryos
evaluated to date.

However, the best support cells to use

for co-culture systems remains to be identified.

In

addition, the use of co-culture systems could provide a
suitable environment for development of bovine, equine and
human embryos for basic studies as well as for use prior to
embryo transfer.

CHAPTER II
GROWTH CHARACTERISTICS OF FETAL BOVINE UTERINE FIBROBLASTS
AND SUBSEQUENT DEVELOPMENT OF CO-CULTURED MURINE ZYGOTES
Introduction
Recent research has demonstrated that advances in
embryo culture techniques were made with the advent of
feeder cell culture systems for mammalian embryos.

Cole

and Paul (1965) were the first to report the benefits of
co-culture systems for mammalian embryos.

These resear

chers reported that a higher percentage of murine blas
tocysts hatched when cultured on a feeder cell layer of
HeLa cells.

Kuzan and Wright (1982a) demonstrated an

increase in percentage of porcine blastocysts developing
when co-cultured on a monolayer of bovine uterine fibro
blasts.

An increase in the percentage of bovine morulae

developing to hatched blastocysts after culturing on bovine
uterine fibroblasts has also been reported from the same
laboratory (Kuzan and Wright, 1982b).

Voelkel et al.

(1985) have had similar results for bisected bovine embryos
when co-cultured on a monolayer of adult bovine uterine
fibroblast cells.

Co-culture systems have also improved

embryo development and rate of cell cleavage for earlystage ovine embryos when compared with embryos in medium
alone (Gandolfi and Moor, 1987; Rexroad and Powell,
1988a,b).
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The purpose of this study was to evaluate the growth
characteristics of fetal bovine uterine fibroblast cells
(FBUC) used as a co-culture system.

The second objective

of this study was to evaluate the development of murine
zygotes when placed on a monolayer of human uterine
fibroblasts or FBUC.

Development of murine zygotes on a

human monolayer was to be evaluated as a model for possible
use in co-culture studies using human zygotes derived from
in vitro fertilization.

The murine co-culture study was

conducted at Reproductive Biology Associates located in
Atlanta, Georgia.
Materials and Methods
Cell. Growth Characteristics
The HUC and FBUC used in this study were prepared as
previously described by Voelkel et al. (1985) and Wiemer et
al. (1989a,b).

The human uterine tissues to prepare the

HUC were donated by Dr. J. Massey from Reproductive Biology
Associates in Atlanta, Georgia.

Fibroblasts from the fetal

bovine uterus and adult human uterus were obtained by
placing 30 to 40 endometrial explants into 25 cm2 flasks
containing 2 ml of Ham's F-10 plus 10% FCS, 500 units of
penicillin, 500 pg of streptomycin and .25 #*g amphotericinB per ml of medium.

Flasks were incubated at 37 °c in a

humidified atmosphere of 5% C02 in air.

Cells were

observed daily and rapid growth occurred during the initial
5 to 9 days of incubation.

One half of the Ham's F-10

36

culture medium was replaced every 72 hours while explants
were present in flasks.
Explants were removed from flasks containing 25 to 50%
monolayers.

Antibiotic concentrations were reduced to 200

units of penicillin and 200
the Ham's F-10 medium.

g of streptomycin per ml of

ft

Monolayered flasks were trypsinized

weekly and additional flasks were seeded with one half of
the original cell concentration.
The FBUC used in this study had been previously frozen
after seven subpassages in HF-10 containing 7% dimethylsulfoxide.

A freezing rate of l"C/minute until -20°C then

10“C/minute until -60°C was used for cryopreservation with
cells stored frozen in liquid nitrogen (-196°C).

Cells had

been stored for at least 30 days prior to use.
A plastic 150 cm2 tissue culture flask (Corning Glass
Works, Corning, NY) containing a 100% monolayer of FBUC
provided cells for this study.

This flask contained a

total of 58.5 x 105 viable fibroblasts prior to use.

Ham's

F-10 culture medium supplemented with 10% FCS, 200 units of
penicillin and 200

fig

of streptomycin (HF-10) was used in

this cell growth characteristic study.

Culture medium had

a pH of 7.3 with an osmolarity of 287 mOsm.

All cultures

were performed in a humidified atmosphere of 5% C02 in air
at 37°C.
Cell growth characteristics were determined by
initially plating 1 x 105 viable fibroblasts per well in a
24-well plate (Gibco, Grand Island, NY).

Cells were then
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allowed to reattach and Initiate growth for 24 hours prior
to the first cell count.

After 24 hours in culture, the

first column of four wells was trypsinized using .05%
trypsin (Sigma, St. Louis, HO) and cell counts were
determined for each well.

Medium in all remaining wells

was replaced 72 hours after the wells had been initially
seeded with fibroblasts.
The remaining five columns of four wells were tryp
sinized sequentially every 24 hours and cell counts record
ed.

Counts for viable cells was initiated by centrifuga

tion of each trypsinized cell suspension at 200 g (900 rpm)
for 10 minutes.

After removal of the supernatant, the

cells were resuspended in 200

fil

of HF-10.

This 200

fil

suspension was mixed with 100 /il of .04% Trypan Blue stain
in Ca2+, Mg2+ free phosphate-buffered saline.

These counts

were made using an Improved Neubauer Hemacytometer
(Reichert, Buffalo, NY) at lOOx magnification on a Nikon
inverted Diaphot microscope.

The procedure used for

counting cells in vitro has been previously reported by
Freshney (1987).

The equation used to determine number of

viable cells is as follows:
Cell Count _ fno> of viable cells countedlllxlO4-)(dilution)
no. of squares in hemocytomer counted
x (volume of cell suspension)
Mean number of cells were then plotted across time in
culture to give a calculated growth curve for this culture
system.
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Co-culture of Murine Erobrvos
A group of random-bred ICR x C3D3 x B6D3 laboratory
mice were used as embryo donors in this study.

Mice were

injected (i.p.) at 0800 hours with 5 IU of PMSG (Organon,
Holland) followed by 5 IU of hCG (Sigma, St. Louis, MO) 48
hours later.

Females were then immediately placed with

individually-caged random-bred males.

Approximately 24

hours after exposure, those females with vaginal plugs were
sacrificed for ova collection.

Oviducts were removed and

flushed with a small amount of Whitten's medium.

Zygotes

were then sequentially washed through twelve 60 pi droplets
of Whitten's medium.

All zygotes from each donor were

grouped and examined for two pronuclear formation using an
Olympus inverted microscope (100X).
Zygotes were then randomly assigned by donor across
three treatment groups.

Treatment A consisted of Ham's

F-10 culture medium supplemented with 15% heat-inactivated
female human serum, 200 units of penicillin and 200 pg
streptomycin (HF-lOh). Treatment B consisted of HF-lOh on
a monolayer of adult human uterine fibroblast cells (HUC)
and Treatment c
FBUC.

consisted of HF-lOh on a monolayer of

All cultures were performed in four-well plates

(Nunc™, Denmark) in a humidified atmosphere of 5% C02 in
air at 37°C.
Monolayers for embryo culture in Treatment B and C
were prepared by plating 1 x 10s viable fibroblasts per
well in four-well plates 24 to 48 hours prior to the onset
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of culture.

In preparation for co-culture, all cells were

washed with serum-free Ham's F-10.

After washing, .70 ml

of warmed HF-lOh was added to each well and covered by .50
ml of warmed silicone oil.

Oil was also placed in the area

between wells to minimize temperature fluctuations during
embryo evaluations.

Medium in each of the three treatments

was changed after 72 hours in culture.
Embryonic development was evaluated at 24-hour inter
vals for a 96-hour period.

Embryos were classified as

viable if morphological development had occurred during the
previous 24 hours.

Assessment of embryo viability included

the following parameters:

(a) blastomere division, (b)

cell mass compaction and (c) formation of a blastocoele
cavity.

A Chi-square analysis procedure (Fleiss, 1981) was

used to determine effect of treatment on viability of
murine embryos at each 24-hour interval throughout the
culture period.
Results
Cell Growth
Cell growth characteristics were determined by
counting the number of cells present in one column of wells
(four wells) of a standard 24-well culture plate every 24
hours for a total of 6 days.

Mean cell counts were

determined for each column and plotted across time in
culture (Figure 1).

A total of 1 x 105 cells were initial

ly placed in each well.

There was a linear increase in

0

1

2

3

4

5

6

Days in Culture
Figure 1. Cell growth pattern of fetal bovine
uterine fibroblasts across days of incubation.
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cell numbers as time increased in the monolayer culture.
Mean number of cells after culture was 1.29 x 105, 1.88 x
105 , 2.50 x 105 , 2.80 X 105, 2 .96 X 105 and 3.70 x 105
after 1, 2, 3, 4, 5 and 6 days of incubation, respectively.
Development of Murine Erobrvos
The experimental design called for 126 two-pronuclear
fertilized murine ova to be randomly assigned by donor
across three treatments resulting in 42 fertilized ova
allotted each to Treatments A, B and C, respectively.
However, one ovum was lost during the collection and
handling procedure.

Chi-square analysis indicated that

viability of embryos was affected (P < .0005) by treatment.
The percentage of embryos remaining viable at 24, 48, 72
and 96 hours in culture was:

78.6%, 52.4%, 23.8% and 2.4%

for Treatment A, 81.0%, 57.1%, 54.8% and 45.2% for Treat
ment B and 83.0%, 80.5%, 65.9% and 61.0% for Treatment C,
respectively (Table 1).
After 48 hours in culture, number of viable murine
control embryos in Treatment A were not different (P > .05)
than those in Treatment B that were maintained on a
monolayer of HUC in HF-lOh.

However, embryo viability

scores in Treatment C were greater (P < .05) than in
Treatment A and tended to be greater (P < .10) than for
embryos in Treatment B (Table 1).

Embryo viability scores

after 72 hours in Treatment A tended to be lower (P < .10)
when compared with scores for embryos in Treatment B.
addition, embryo viability scores in Treatment C were

In
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TABLE 1. NUMBER (PERCENT) OF VIABLE MURINE EMBRYOS IN CULTURE
SYSTEMS ACROSS DIFFERENT TIME INTERVALS
Time in culture fhours)
48
72

Treatment

n

24

HF-10h

42

33a
(78.6%)

22a
(52.4%)

10a
(23.8%)

1a
(2.4%)

HF-10h + HUC
M onolayer

42

34a
(81.0%)

24a-b
(57.1%)

23a-b
(54.8%)

19b
(45.2%)

34a
(83.0%)

33b
(80.5%)

27b
(65.9%)

25b
(61.0%)

HF-10h + FBUC 41*
M onolayer

96

* One fetillzed ovum lost during collection procedures
a b M eans with different superscripts within the column are different (P<.05). The cell Chi
square method was used in this analysis procedure.
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greater (P < .05) when compared with embryos in Treatment
A.
When embryos were cultured for 96 hours, a greater
(P < .05) number of embryos were considered viable in
Treatment B when compared with those in Treatment A.
Embryo viability scores were also greater (P < .05) for
embryos in Treatment C when compared with those in Treat
ment A.

Although mean embryo viability scores were not

significantly different when embryos were cultured in
either Treatment B or C for 72 hours, embryos cultured in
Treatment C did have slightly higher viability scores
(P < .10).

In Treatments B and C, all viable embryos had

developed to blastocyst and expanded blastocyst stages
after 96 hours in culture.

In Treatment A, however, only

one viable appearing control embryo developed to the morula
stage at the termination of the culture interval.
Discussion
The PBUC growth pattern was unusual for these primary
cells since the mean number of cells increased as time in
culture increased.

When cells were present in low den

sities, it was noted that each cell had somewhat of a
flattened, almost oblong appearance.

However, as cell

numbers increased in each well, these cells took on a more
spindle shaped appearance.

In most instances, primary

cells in culture reach a plateau in cell numbers after a
confluent monolayer develops and may actually decrease in

number when cells begin to die (Todaro and Green, 1963).
The FBUC used in this study had a linear increase in cell
numbers as time in culture increased and the fetal bovine
uterine fibroblasts may have required more time in incuba
tion before cell numbers reach a plateau.

In addition,

replacing the medium after 72 hours in culture may have
also affected the number of cells and growth characteris
tics.

The ability of these FBUC to grow in culture for

extended periods was considered desirable, since they would
likely secrete more embryotropic factors while growing than
cells that were not dividing in culture.

The FBUC were

evaluated for possible use as a co-culture system in
subsequent studies.
Co-culture of murine embryos with human and fetal
bovine uterine fibroblasts enchanced development compared
with culture in medium alone.

Both of these co-culture

systems were effective in supporting development of
fertilized ova to the blastocyst and expanded blastocyst
stages.

Furthermore, these embryos developed in a manner

similar to that noted for mouse embryos developing in vivo
(Pratt, 1987).

In addition, Ham's F-10 supplemented with

15% human serum normally does not allow development of one
cell mouse embryos past the two-cell stage (Cohen, personal
communication).

Therefore, results suggest that the HUC

and FBUC monolayers were responsible for normal development
of these murine embryos to the blastocyst stage.

Cole and

Paul (1965) have also reported enhanced development of
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murine embryos on a monolayer of irradiated HeLa cells in
Waymouth's medium.

These researchers also proposed that

the feeder-cells were responsible for the increase in
development in vitro.
In this study, the number of viable embryos were
similar in all three treatment groups during the initial 24
hours in culture.

Subsequently, embryo viability scores

decreased markedly after 72 hours in culture for Treatment
A compared with Treatments B and C (Figure 2).

Voelkel et

al. (1985) have also reported a marked decrease in embryo
viability of bisected bovine embryos cultured in medium
without a supportive fibroblast monolayer system.
Isolated oviducts placed in an organ culture system
have been successfully used for in vitro embryo culture.
In mice, one-cell embryos cleaved past the two-cell block
to morula and blastocyst stages when incubated in cultured
mouse oviducts (Biggers et al., 1962; Whittingham and
Biggers, 1967).

Co-culture systems have also been shown to

provide a good environment for in vitro development of
ovine (Gandolfi and Moor, 1987), porcine (Allen and Wright,
1984) and bovine (Eyestone and First, 1989) embryos.
Results from the present study also demonstrate that
utilization of co-culture systems (Treatments B and C)
provide an advantageous environment for development of
murine embryos.

Furthermore, embryo viability after 96

hours in vitro culture tended to be higher for FBUC than
HUC.

These results also indicate that HUC and FBUC were

Treatment
□ A -C ontrol
0 B « Human uterine fibroblasts
EH C - Fetal bovine uterine fibroblasts
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Figure 2. Percentage of viable murine embryos
across time in culture.
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not species specific for culturing murine embryos.
The exact mechanisms by which somatic cells support in
vitro development of embryos are unknown.

Some pos

sibilities, however, include the addition of embryotropic
factors to the medium or removal of inhibitory toxins
(Kuzan and Wright, 1982a,b).

Results of this experiment

demonstrate that HUC and FBUC are producing embryotropic
factors missing in the HF-lOh that are required for murine
zygote development. Due to the ease in maintaining mono
layer systems, they may provide an alternative to more
cumbersome in vitro organ culture systems,

in addition,

FBUC may be the cells of choice due to the relative ease in
acquiring this type of tissue.
In summary, growth characteristics of FBUC suggest
that cell contact inhibition may require more time in
culture to be expressed in a plateau growth pattern.

In

addition, continued cell division by these FBUC may produce
more embryotropic factors than cells that are no longer
dividing.

Furthermore, FBUC provided the factors necessary

to provide the best overall in vitro development of murine
zygotes.

CHAPTER III
DEVELOPMENT OF A FETAL BOVINE UTERINE-CELL MONOLAYER
CULTURE SYSTEM FOR BOVINE EMBRYOS
Introduction
An essential step for successful in vitro development
of early-stage mammalian embryos would be to develop a
culture system that could mimic in vivo development similar
to that of the uterine environment.

Recently, advances in

embryo culture methodology have been made with the success
ful use of feeder cell culture systems,

cole and Paul

(1965) reported encouraging results using a feeder cell
system of HeLa cells for in vitro culture of murine
embryos.

In this study, a higher percentage of mouse

blastocysts developed to hatched blastocysts in vitro when
co-cultured on a monolayer of these feeder cells.
Wright et al. (1976a) have previously shown that
bovine embryos can develop in vitro to the hatching and
hatched blastocyst stages with a fluid culture system of
Ham's F-10 supplemented with heat-treated fetal calf serum.
It was suggested by Wright et al. (1976b) that factors
present in the fetal calf serum were necessary for develop
ment of the embryos to hatching or hatched blastocyst
stages in culture.

More recently, Kuzan and Wright (1982b)

have shown a substantial increasein the percentage

of

bovine morulae developing to the hatched blastocyst stage
48
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by using a monolayer of bovine uterine fibroblast cells.
This finding has been verified and has been further
substantiated by co-culturing bovine demi-embryos on a
bovine uterine fibroblast monolayer (Voelkel et al.r 1985).
in an earlier study in this laboratory, it has been
noted that uterine endometrial cells from late-pregnancy
bovine fetuses developed into uterine fibroblasts and have
greater cell growth characteristics than uterine fibro
blasts originating from uterine cells of the adult female
(Hiemer and Godke, Unpublished data).

With the marked cell

growth noted with the fetal uterine fibroblasts the possi
bility exists that these cells could produce a greater
quantity of embryotropic growth factor(s) in a monolayer
co-culture system.

If these fetal fibroblast cells could

be further stimulated by steroid hormone priming, then the
possibility exists of improving the bovine embryo co
culture system over that previously reported in the scien
tific literature.

The objective of this study was to

evaluate the in vitro development of bovine morulae using a
fibroblast monolayer cell system derived from fetal bovine
uterine endometrial cells.
Materials and Methods
A group of 22 mature, nonlactating Brahman and
European breed crossbred cows were randomly selected from a
larger embryo donor pool for use in this study.

Only

cyclic females with a palpable corpus luteum (CL) were

assigned to gonadotropin treatment.

Beginning on days 8 to

14 of the estrous cycle (estrus = Day 0), each donor female
was administered follicle stimulating hormone (FSH) (FSHR :
Schering, Kenilworth, NJ) intramuscularly (i.m.) twice
daily injections for 4 days.

On the third day of FSH

injections, each female was administered (i.m.) 25 mg of
prostaglandin F2a (LutalyseR : Upjohn, Kalamazoo, HI) to
induce luteolysis.

A total of 28 or 32 mg of FSH was used

for the superovulation schedule based on the previous
response of the donor female to gonadotropin treatment.
Each donor female was artificially inseminated with one
unit of frozen/thawed semen at 12 and 24 hours after the
onset of standing estrus.

Embryos were non-surgically

collected either on days 5 or 6 after the onset of standing
estrus using a two-way Foley catheter using the procedure
previously described by this laboratory (Looney and Godke,
1980; Looney et al., 1981).
Embryo recovery medium consisted of Dulbecco's
phosphate-buffered saline (PBS; Grand Island Biological
Co., Grand Island, NY) with 1% (v/v) fetal calf serum
(FCS), 100 units of penicillin, 100
.25

fig

fig

streptomycin and

amphotericin-B (AbAm) per ml of medium.

All

recovered embryos were washed through 12 drops (40

f il

each)

of modified sterile PBS (supplemented with 4 mg/ml bovine
serum albumin Fraction-V, .036 mg/ml sodium pyruvate,
1 mg/ml glucose, 10% FCS and AbAm).

After washing, all

embryos (grouped by donor) were held at room temperature
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(22°C) in sterile plastic four-well plates (Nunc™,
Denmark) containing 1 ml of modified sterile PBS prior to
their allotment to one of three culture treatment groups.
Only morulae (32-cell to precompaction-stage embryos)
of similar embryo quality grades (1 = excellent and 2 =
good) were randomly assigned by donor across the three
treatment groups.

Treatment A consisted of Ham's F-10

culture medium supplemented with 10% FCS, 200 units of
penicillin, 200

g of streptomycin and .25

fi

fig

of

amphotericin-B per ml (HF-10), and served as the control.
Treatment B consisted of HF-10 on a monolayer of fetal
bovine uterine fibroblast cells and Treatment C consisted
of HF-10 on a monolayer of hormone pretreated fetal uterine
fibroblast cells.

All cultures were performed in 24-well

culture plates (one embryo per well) in a humidified
atmosphere of 5% C02 in air at 37"C.
Fetal uterine fibroblast monolayer cells were es
tablished using a modified procedure for adult bovine
uterine fibroblast cells as previously described by Kuzan
and Wright (1982b) and Voelkel et al. (1985).

Fetal

uterine cells were obtained from reproductive tracts which
were aseptically excised from two dairy fetuses (Jersey)
during the last trimester of gestation («270 days).

The

reproductive tracts (excluding the ovaries and the vagina)
were placed in sterile plastic bags containing Hank's
Balanced Salt solution supplemented with 500 units penicil
lin and 500

fig

streptomycin (PST) per ml of medium.

The

52

tracts were then placed immediately on ice for transport
back to the laboratory.
The lumen of both uterine horns were carefully exposed
and endometrial tissue was removed and washed in Hank's
Balanced Salt solution containing PST.

Endometrial tissue

was then dissected into 2 mm3 sections and 30 to 40
explants were placed into 25 cm2 tissue culture flasks with
2 ml of HF-10 containing PST.

Daily observations were made

on all flasks with rapid cell growth and surface attachment
noted on the 5th day of incubation.

During the "explant

phase" of primary cell line development, half of the medium
was changed at 72-hour intervals.

On day 9 of incubation

all explants were removed and placed into new flasks to
increase the number of cells.

At that time, antibiotic

concentrations were also reduced to the concentration used
in the embryo culture medium.

Monolayers were established

in all 25 cm2 flasks 14 to 20 days after initial culture of
explants.

Flasks with monolayer development were then

trypsinized (.05% trypsin and .002% EDTA in PBS) and
additional flasks were established using cell suspensions
at a rate of 1:2 dilutions.

Monolayered flasks were

randomly selected for this co-culture experiment and the
remaining cells were trypsinized, frozen and stored in
liquid nitrogen for future use.
Monolayers for embryo culture in Treatments B and C
were prepared by plating 1 x 105 viable fibroblasts per
well in 24-well plates 3 days prior to use.

Hormone

treatment of cells in Treatment C was initiated 6 days
prior to the onset of the embryo culture experiment.
Cells were treated daily for 3 days with HF-10 supplemented
with 10 pg/ml of estradiol-17JB (E2) (Sigma Chemical, St.
Louis, MO) followed by daily treatment for 3 days with
HF-10 containing 10 ng/ml of progesterone (P4) (Sigma
Chemical, St. Louis, MO).

The medium in Treatment B was

also changed daily during the steroid treatment of the
cells in Treatment C.

E2 and P4 concentrations in the

HF-10 were calculated based on those levels found cir
culating in the blood of estrual and pregnant dairy heifers
(35 days) as previously reported by Wettemann and Hafs
(1973).

The fibroblast cells were then washed with 4 ml of

HF-10 to remove the exogenous steroid hormones prior to the
onset of the culture experiment.

The number of cells per

culture well were not counted during the co-culture
interval, in order to protect the monolayer system from the
environment.

The degree of monolayer confluency was

monitored daily to evaluate cell growth characteristics.
Embryonic development was evaluated at 12-hour
intervals using a Nikon Diaphot inverted microscope (200X)
for a 72-hour period.

After 72 hours in culture, embryos

were further evaluated at 24-hour intervals for any
additional morphological development.

Embryos were

classified as viable in this study if there was an increase
in the number of blastomeres and size of embryonic cell
mass was consistent with the day of the estrous cycle for
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bovine embryos developing in utero (Olds et al., 1968;
Casey et al., 1989).

Time of cellular compaction, blas-

tocoelic cavity formation, trophoblast outgrowth and
thinning of the zona pellucida prior to hatching in culture
were used as indicators of morphological development.

The

number of morulae reaching the hatching and hatched
blastocyst stages as well as attachment were also used as
indicators of embryo viability during the culture interval.
In addition to evaluating morphological development,
embryos were assigned an embryo quality grade (1 = excel
lent to 4 = poor or degenerating) similar to that used for
evaluating embryos in other laboratories (Shea, 1981;
Lindner and Wright, 1983).

Morphological evaluation,

cellular development across time and embryo quality grade
assessment were used in assigning an embryo viability score
to each embryo at 12-hour intervals during culture.
Degenerate embryos or those embryos in the process of
degenerating were assigned a score of "O'1, whereas those
appearing viable and developing during the time interval
were assigned a score of "1".

Based on FDA staining

results previously reported from this laboratory (Looney et
al., 1981), bovine embryos with an embryo viability score
of "0" would have little or no chance of producing a viable
transplant pregnancy.
A two-dimensional contingency table was prepared with
treatments and the time of observation as entries.

This

was constructed under the assumption of product multinomial

distribution for cell frequency.

This procedure, based on

Chi-square statistics appropriate for categorical data, was
used to compare differences in embryo viability over time
as well as between treatment within time in culture
(Fleiss, 1981).

Also, the weighted least-square method

with the weighted value entered as the number of live
embryos from the previous stage was adopted to minimize the
weighted residual sum of squares.

The Mantel Haenszel Chi-

square method was used to evaluate the effect of treatment
on the number of embryos developing to the hatching or
hatched blastocyst stages across treatments (SAS, 1985).
The Statistical Analysis Systems (SAS) was used to evaluate
the effect of treatment, the construction and test of
linear functions for parameters and the search for linear
and quadratic fit over time in culture (SAS, 1985).
Results
A total of 117 grade 1 and 2 (excellent and good)
morulae from 22 donor collections were randomly assigned by
donor across three treatments (39 embryos allotted/treat
ment group).

The embryo viability scores of cultured

embryos were affected (P < .01) by linear component of
treatment.

There was also a linear decrease in embryo

viability scores (P < .004) across time in culture for each
of the three treatment groups (Figure 3).

After partition

ing the overall linear decrease by treatment, there was a
marked differential decrease (P < .001) in embryo viability
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Figure 3. Viability of bovine embryos by culture
treatm ents across time in culture.
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scores for embryos cultured in the control medium alone
(Treatment A) when compared with those for embryos co
cultured with fetal uterine fibroblast in Treatments B and
C, respectively (Table 2).

The percentage of embryos

remaining viable at 12, 24, 36, 48, 60 and 72 hours in
culture was: 100%, 92.3%, 71.8%, 56.4%, 43.6% and 38.5% for
Treatment A, 100%, 100%, 94.9%, 92.3%, 92.3% and 87.2% for
Treatment B and 100%, 100%, 97.4%, 97.4%, 84.6% and 76.9%
for Treatment C, respectively (Table 3).

These mean values

are plotted across time in culture in Figure 3.
During and shortly after the steroid pretreatment of
the fetal uterine fibroblasts, estradiol~17B enhanced cell
proliferation, whereas progesterone tended to decrease the
rate of cell growth.

Confluent monolayers were present in

both fibroblast culture treatments prior to the onset of
embryo culture.

Embryo viability was greater (P < .05)

after 36 hours for embryos cultured on hormone-treated and
untreated fetal uterine fibroblast cells in HF-10 than when
embryos were cultured in HF-10 alone (Table 3).

However,

there was no significant difference in embryo viability
between the untreated monolayer cells and the hormonetreated monolayer cells.

Embryo viability after 72 hours

in culture tended to be greater for embryos cultured on
untreated fetal uterine fibroblast cells than when the
fibroblast cells were pretreated with steroid hormones.
Further analysis by Mantel Haenszel Chi-square for
repeated measurements indicated that a larger percentage of
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TABLE 2.

CATAGORICAL ANALYSIS OF EMBRYO VIABILITY WITHIN
TREATMENTS

Source

DF

Intercept

Chi square

Probability

1

16.84

.0001

others
C

2
1
1

4.97
4.85
.12

.4401
.0280
.7298

Linear trend
Trt A 3£g others
Trt B 3i£ C

1
1

11.04
10.92
.14

.0040
.0010
.7128

Quadratic trend
Trt A 3££ others
Trt B vs C

1
1

.15
.00
.15

.9270
.9767
.6978

Overall
Trt A
Trt B ss
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TABLE 3.

NUMBER AND PERCENTAGE OF VIABLE BOVINE EMBRYOS
CLASSIFIED AS VIABLE AT DIFFERENT TIME INTERVALS
IN CULTURE AND CO-CULTURE SYSTEMS

Time (hours)
Treatment

n

12

24

36

48

60

72

A HF-10
(control)

39

39
100%

36
92.3%

28a
71.8%

22a
56.4%

17a
43.6%

15a
38.5%

B HF-10 +
monolayer

39

39
100%

39
100%

37b
94.9%

36b
92.3%

36b
92.3%

34b
87.2%

C HF-10 +
treated
monolayer

39

39
100%

39
100%

38b
97.4%

38b
97.4%

33b
84.6%

30b
76.9%

a 'kMeans in the same column with different superscripts
differ (P < .05).

embryos (P < .05) developed to the hatching or hatched
blastocyst stages in Treatments B and C when compared with
those cultured in medium alone in Treatment A (Figure 4).
Correspondingly, additional embryos tended to develop
(P < .10) to the hatching or hatched blastocyst stages more
often in Treatment B than in Treatment C. In Treatment A,
only 20.5% of the embryos developed to the hatching or
hatched blastocyst stages within 72 hours of culture
compared with 64.1% and 43.6% developing to these stages in
Treatments B and C, respectively.

It was noted that «50%

of the hatched blastocysts in both Treatments B and C
attached to the cellular substratum and initiated tropho
blastic growth, whereas none of the trophoblastic cells
from hatched blastocysts in the control medium (Treatment
A) initiated this growth pattern.
Discussion
Results indicate that co-cultured embryos (Treatments
B and C) developed and remained viable on fetal uterine
fibroblast monolayers comparable with results using adult
uterine fibroblasts as previously reported by Kuzan and
Wright (1982b) for intact embryos and Voelkel et al. (1985)
for bovine demi-embryos.

In the present study, the

viability scores for embryos were similar in all three
treatment groups during the initial 24 hours of culture.
Subsequently, embryo viability scores decreased markedly
after 24 hours in culture for Treatment A compared with

Treatment

Development (%)

100 r

□ A -C ontrol
E3 B - Non-treat ed FBUC
H} C - Steroid-treated FBUC

80 60 •
40 20

-

oL

2

24

36

48

60

72

Time (hours)
Figure 4. The percentage of bovine embryos that
developed to the hatching or hatched blastocyst
sta g es by treatm ent across time in culture.
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those of both Treatments B and C (Figure 3).

This decline

in viability scores for intact embryos in the control
medium alone was not unexpected, since Voelkel et al.
(1985)

and Baker and Shea (1985) have previously reported a

marked decrease in embryo viability of bovine demi-embryos
cultured in medium without a supportive cell monolayer
system.
In contrast, monolayer culture systems derived from
adult uterine endometrial cells have previously been shown
to be an excellent environment for in vitro development of
murine

(Cole and Paul, 1965) and porcine (Kuzan and Wright,

1982a;

Allen and Wright, 1984) embryos.

Results from this

study demonstrate that bovine fetal uterine monolayer
systems (Treatments B and C) were superior in maintaining
embryo viability for long-term culture (72 hours) of bovine
embryos compared with that of the control medium (Treatment
A).

Furthermore, embryo viability at 72 hours of in vitro

culture tended to be higher for the fibroblast cells not
pretreated with E2 and P4 (Treatment B) then the fibroblast
cells pretreated with steroid hormones (Treatment C).
The exact reason(s) for greater embryonic development
on monolayer culture systems is not known.

It has been

proposed that endometrial tissue components may alter or
influence bovine embryo glycoprotein (that characterized by
Bartol et al., 1985) synthesis in preimplantation blas
tocysts (Wyatt, 1976; Heap et al., 1979).

In addition,

Wyatt (1976) also suggested that stimulation of protein

63

synthesis by viable blastocysts was a tissue specific
phenomenon.

Although Wyatt (1976) used day-16 to day-18

porcine preimplantation blastocysts in their studies,
protein synthesis may also be occurring in the earlierstage bovine embryos, especially just prior to expansion
and hatching from the zona pellucida.

Therefore, it may be

possible that substances produced by the fetal uterine
fibroblasts in Treatments B and C stimulate protein
synthesis in the developing bovine blastocyst.
Kuzan and Wright (1982a,b) and Allen and Wright (1984)
have proposed that fibroblast monolayer cells may remove
toxic substances from the medium and(or) release growth
factors beneficial to the developing embryo.

Allen and

Wright (1984) have noted that cell to embryo contact was
more important to the developing embryo than the type of
feeder cell used in the culture system.

Cook and Hunter

(1978) indicated that uterine secretions, possibly as
simple as Kreb's cycle intermediates, were partially under
the control of maternal circulating hormones.

Therefore,

the possibility exists that hormone pretreatment of uterine
fibroblasts could indirectly enhance the in vitro develop
ment of embryos by causing the feeder cells to produce
embryonic growth factors and(or) stimulate the synthesis of
proteins by the developing embryo.
In this study, steroid pretreatment of fetal bovine
uterine cells altered the rate of cell growth when compared
with the same uterine cells not exposed to steroid pre-

treatment.

Kassis et al. (1984) have reported that uterine

fibroblasts from immature rats contain estrogen receptors
and were estrogen responsive.

Fleming and Gurpide (1981)

have also isolated specific estradiol binding sites in both
the cytoplasm and nuclei of adult human endometrial
fibroblast.

Furthermore, progesterone receptor sites

increase in human endometrial stromal cells following
estradiol pretreatment (Tseng, 1984).

Aromatase activity

was shown to have increased in these endometrial cells
after estradiol followed by progesterone pretreatment.
Whether fetal bovine uterine cells or subsequent fibro
blasts have estrogen and(or) progesterone receptors was
not addressed in this study.

Why the steroid-pretreated

fibroblasts did not improve in vitro embryo viability over
that of the non-pretreated fibroblasts is not known.
Possibly fetal bovine fibroblasts do not have steroid
receptors or the steroid priming dose levels were not
adequate for an optimal co-culture response.
In the present study, pretreatment of fetal uterine
fibroblasts with E2 followed by P4 did not increase embryo
viability or the number of morulae developing to the
hatching and hatched blastocyst stages.

Embryo viability

only tended to be higher in Treatment C over that of
Treatment B for the first 48 hours of in vitro culture.
After 48 hours of in vitro culture, a larger percentage of
embryos developed to hatching and hatched blastocyst stages
in Treatment B than occurred in Treatment C (Figure 4).

Possibly, steroid pretreatment of the fibroblast cells may
have inhibited their secretory function in the co-culture
system which could have indirectly affected blastocyst
expansion and subsequent hatching.

It should be noted that

an attempt was made to remove the supplemental steroids
from the fibroblast cells by washing prior to co-culture.
Correspondingly, Kirkpatrick (1971) has previously shown
that progesterone supplemented culture medium for mouse
embryos was toxic for two-cell to early-blastocyst stage
development.

However, the reduced ability of steroid

pretreated fibroblasts to support in vitro development of
later-stage bovine embryos over that of non-pretreated
fibroblasts is unknown.
The addition of endothelial cell growth supplement to
culture medium has also been reported to have inhibitory
effects on early-stage mouse embryos (Rajamahendran et al,
1986).

Growth factors that may be beneficial for most

cells could be deleterious for embryonic cells, suggesting
that embryos may utilize growth factors produced when cellto-embryo contact is made. Thatcher et al. (1985) have
reported that the bovine conceptus was only able to
stimulate endometrial derived proteins from synchronized
uteri in embryo transplant recipients.

It was proposed by

these authors that steroid pretreatment would likely
"synchronize" the cells to produce a higher level of
endometrial proteins to enhance embryo development after
the cell-to-embryo contact was made in vitro.
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In the present study, the time frame for blastocyst
expansion and hatching in Treatments B and C were similar
to those intervals previously reported for in vitro cul
tured bovine blastocysts (Massip and Mulnard, 1980).

In

vitro development of morulae to the hatching blastocyst
stage in Treatments B and C tended to occur at a faster
rate of development than that of cultured bovine morulae
previously observed by others (Kuzan and Wright, 1982b;
Rajamahendran et al., 1985).
In contrast, Gandolfi and Hoore (1987) have recently
shown that one-cell ovine embryos developed more efficient
ly to the expanded blastocyst stage on ovine oviductal
cells when compared with similar stage ovine embryos co
cultured on ovine fibroblast cells.
Approximately 50% of hatched blastocysts in Treatments
B and C attached to the cellular substratum and initiated
trophoblastic outgrowth, whereas none of the hatched
blastocysts in Treatment A initiated this response.

This

trophoblastic outgrowth and development was similar to that
described by others for bovine (Kuzan and Wright, 1982b;
Voelkel et al., 1985) and porcine (Kuzan and Wright, 1982a;
Shaffer and Wright, 1978) embryos.
In summary, the results of the present experiment
demonstrate that the fetal uterine fibroblast monolayer may
be an excellent system for short-term as well as long-term
in vitro culture of bovine morulae.

In this laboratory,

fetal uterine fibroblasts have shown superior cell growth

and longevity when compared with adult bovine uterine
fibroblasts.

Since fetal cells have a higher division

potential than do adult cells, these cells can be main
tained in culture for a longer period of time.

Also,

because these cells are fetal in origin, they are less
likely to have been exposed to bacteria and(or) viruses
which have the potential for inducing cellular transforma
tion of the feeder cells.

In addition, fetal uterine

fibroblasts may produce more embryonic growth factors
and(or) remove more toxic metabolites than fibroblast cells
of adult animal origin.

The use of this fetal uterine

monolayer system could prove useful for transportation of
fresh embryos and short-term storage of embryos prior or
after cryopreservation for subsequent transfer to recipi
ents.

CHAPTER IV
IN VITRO DEVELOPMENT OF EQUINE EMBRYOS IN UTERINE CELL
CO-CULTURE SYSTEMS
Introduction
Oguri and Tsutsumi (1972, 1974) established that horse
embryos usually enter the uterus 5 to 6 days following
ovulation.

Betteridge et al. (1982) have carefully describ

ed the morphological development of equine embryos in vivo
up to 22 days post-ovulation from specimens collected at
slaughter, from uterine flushing and at hysterectomy.

There

have been few reports on the in vitro development of equine
embryos.

The lack of information relating to the in vitro

development of equine embryos may be due to the lack of a
culture system that would allow development to continue once
a conceptus had been collected from the uterus.
Imel (1981) reported that Dulbecco's phosphate-buffered
saline (DPBS) plus 20% steer serum was incapable of main
taining embryo viability for 24 hours in vitro.

Slade et

al. (1984) indicated that Ham's F-10 (HF-10) plus 10% FCS
was an acceptable medium for embryo growth and development
of equine demi-embryos when compared with DPBS plus 10% FCS.
Clark et al. (1987) reported that embryo quality deteriorat
ed over time in culture for those stored in Minimal Essen
tial Medium (MEM) plus 10% FCS.

This pattern, however, was

not noted for embryos cultured in HF-10 plus 10% FCS.
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Advances in embryo culture using feeder cell culture
systems for other mammalian embryos has been well documented
(Cole and Paul, 1965; Kuzan and Wright, 1982a,b; Allen and
Wright, 1984; Voelkel et al., 1985; Gandolfi and Moor, 1987;
Rexroad and Powell, 1988a,b).

Therefore, the objective of

this experiment was to evaluate growth and development of
equine embryos in three different in vitro culture systems.
Preliminary results on embryo development by treatment group
have recently been reported for the mare (Wiemer et al.,
1988a).
Materials and Methods
Preparation of Fetal Uterine Cell Fibroblasts.
Fetal uterine fibroblast (FUFB) monolayers were es
tablished using a modified procedure for adult bovine uter
ine fibroblasts previously described by Kuzan and Wright
(1982b) and Voelkel et al. (1985).

Fetal bovine endometrial

tissue was aseptically obtained from the reproductive tracts
of two fetuses approximately 270 days of age.

Similarly,

fetal equine endometrial tissue was obtained from fetuses
ranging from 320 to 330 days of age.

The reproductive

tracts from both species were collected at different loca.tions and treated similarly in preparation and isolation of
FUFB cells unless stated differently hereafter.
Reproductive tracts were placed in sterile containers
containing Hank's Balanced Salt solution (HBSS) (Gibco,
Grand Island, NY) supplemented with 500 units penicillin and
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500

ftg

streptomycin (PST) per ml of fluid and then cooled on

crushed ice.

The reproductive tracts were then transported

back to the laboratory for tissue processing.

Fetal bovine

reproductive tracts were transported back to the laboratory
within 2 hours after collection, whereas fetal equine repro
ductive tracts were maintained on ice for over 6 hours until
transported by air back to the laboratory.
Connective tissue was removed from the uterine body and
horns prior to exposing the lumen of the fetal uterus.
After exposure, uterine epithelial tissue was carefully
dissected from the uterine body and horns.

Dissected tissue

was then placed into a sterile petri dish containing HBSS
plus PST.

Only tissue exposed to the lumen was removed for

primary cell production.

These sections of tissue were

washed three or four times in HBSS containing PST and then
dissected into 2 mm3 sections.
Forty to 45 of these explants were placed into each 25
cm3 tissue culture flasks containing 2 ml of HF-10 plus 10%
FCS, PST and .25pg of amphotericin-B per ml of medium.
Flasks containing tissue explants were incubated at 37eC in
a humidified atmosphere of 5% CO, in air.

All flasks were

monitored daily for cell growth and attachment.

Rapid cell

growth and attachment was usually noted within 5 to 9 days
of explant incubation.

One half of the HF-10 culture medium

was replaced every 48 to 72 hours.
Explants were removed when
covered with fibroblast.

50% of the surface area was

After fibroblast removal, these

explants were placed into new tissue culture flasks to
multiply in cell numbers.

After explant removal, antibiotic

concentrations were reduced to 200 units penicillin and 200
fig

streptomycin per ml of the HF-10 culture medium.

Mono

layered flasks were trypsinized with a phosphate-buffered
saline solution containing .05% trypsin (Gibco, Grand Is
land, NY), .002% ethylenediamine tetraacetic acid (Sigma,
St. Louis, MO) at each subpassage.

Additional flasks were

seeded with one half of the original cell concentration (1:2
dilution).

After seven subpassages all bovine FUFB cells

were frozen in HF-10 plus 7% dimethyl-sulfoxide and stored
in liquid nitrogen for future use.

Equine FUFB cells devel

oped more efficiently in supplemented Ham's F-12 culture
medium (Gibco, Grand Island, NY).

This medium contains

more nutrients and provided much better cell growth and
attachment than the previously used HF-10 culture medium.
Equine FUFB not randomly selected for this co-culture study
were frozen after five to seven subpassages.

Bovine and

equine FUFB underwent approximately 15 subpassages in this
study.
Embrvo Collection
Crossbred Welsh-type pony mares (3 to 16 years of age)
were palpated per rectum daily while in estrus until, ovula
tion,

Mares with a 25 mm or greater follicle and(or) on

their third day of estrus were artificially inseminated with
a total of 500 x 10* normal motile spermatozoa every day
until ovulation was detected.

Donor mares were non-surgi-
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cally collected 6 to 8 days following ovulation (day of
ovulation = day 0) using a modified gravity flow procedure
previously described by this laboratory (Casey et al.,
1986).

All mares were flushed for a single embryo with

1,000 to 2,000 ml of Ham's F-12 medium supplemented with 1%
FCS, 100 units penicillin, 100

fig

streptomycin and .25 jtig of

amphotericin-B per ml of medium.
Preparation_of Cells and Embrvos for Co-culture
Three weeks prior to embryo culture, bovine FUFB cells
were thawed and subsequently maintained in Ham's F-12 plus
10% fetal calf serum, .292 mg of L-glutamine, 200 units
penicillin, 200

fig

streptomycin and .25

per ml of medium (HF-12).

fig

amphotericin-B

Monolayers were prepared by

plating 1 x 105 viable fibroblasts per well in four-well
tissue culture plates (Nunc™, Denmark) containing HF-12, 48
to 72 hours prior to the onset of co-culture.

Medium was

replaced (1 ml) on all cells at the onset of culture.

Prior

to co-culture, all embryos were washed through twelve 40 /xl
droplets using a sterile glass Pasteur pipette.
Experimental Design
Equine embryos of quality grades 1 and 2 (excellent and
good) were randomly assigned across three treatment groups
by morphological stage of development.

Embryos allotted to

each treatment were classified as either precapsulated
(Stage I: early morulae to,early blastocysts; with a zona
pellucida present but no visible capsule development) or as
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postcapsulated (Stage II: blastocysts to expanded blasto
cysts; with a visible capsule present).

When more than one

embryo was contributed to the experiment by one donor, each
was placed sequentially across treatments.

Embryos assigned

to Treatment A (control) were cultured in HF-12 alone (n =
15), embryos in Treatment B were cultured on a monolayer of
equine FUFB cells (n = 15) and those in Treatment c were
cultured on a monolayer of bovine FUFB cells (n = 15).
Embryos were evaluated at 12-hour intervals using a Nikon
Diaphot inverted microscope (40-200X) during a 72-hour
culture interval.

In addition, embryo diameter was monitor

ed in vitro every 12 hours using a Zeiss Videoplan-2 image
analysis system with a CP/M-based microcomputer using a
Zeiss ICM-45 inverted microscope using the procedure pre
viously described in this laboratory (Casey et al., 1988).
At each observation, embryos were evaluated for stage
of development and assigned a quality grade.

Embryos were

assigned a developmental score of 1 through 4 (l = morula,
2 = early blastocyst, 3 = blastocyst and 4 = expanded blas
tocyst) .

Embryo quality grade was based on compaction and

color of blastomeres, presence of perivitelline space,
amount of extruded cells, texture and color of trophoblast
as well as inner cell mass (ICM) cells, presence and thick
ness of zona pellucida (ZP), adherence and thickness of
capsule.

An embryo quality grade score (1 through 4) was

assigned to each embryo at the time of evaluation with 1 =
excellent, 2 = good, 3 = fair and 4 = degenerate.

Embryo
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quality grade scores were then transformed to the follow
ing;
4 = excellent, 3 - good, 2 = fair and 1 = degenerate for
graphic presentations.

An overall subjective embryo viabil

ity score of either 0 (nonviable) or 1 (viable) was assigned
to each embryo at the time of evaluation.

One half of the

culture medium was replaced each 24 hours across all treat
ment groups.
Statistical.Analysis
Statistical analysis was executed on two different
types of dependent variables.

The presence of a capsule,

ICM and viability of embryos were considered categorical
data and defined as binary variables of zero or one.

For

those variables, appropriate Chi-square statistics (Fleiss,
1981) was used to compare within treatment differences in
time as well as across stage of embryo within time.

This

statistic was performed after an overall Chi-square test for
dependency between treatment and time was done.
The second type of dependent variables were continuous
and therefore a normal distribution was assumed along with
all the assumptions related to the General Linear Model
Theory.

The Statistical Analysis System (SAS, 1985) was

used to evaluate these variables.

These variables were

embryo development scores, embryo quality grades, embryo
diameter, percent change in diameter every 12 hours and
total percent change in diameter after 72 hours in culture.
An overall model including the effects of treatment, devel-
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opment, stage, treatment by stage, embryo within treatment
by stage, time, treatment by time, time by stage, and treat
ment by stage by time interactions were used for all these
variables.

Since each embryo was evaluated at different

time periods, embryo within treatment and stage interaction
was used to test the effect of treatment, stage and treat
ment by stage interaction.

Whenever appropriate, (F value

was significant) separation of means was accomplished by the
Least Significant Difference (LSD) procedure.
Results
Development -Scores_for__Cultured Embrvos
A total of 85 collections from 31 crossbred Welsh-type
pony mares produced 53 embryos (62.3% recovery rate).

Of

these, 45 excellent and good quality (grades 1 and 2) embry
os were randomly assigned across three treatments by mor
phological stage of development.

This resulted in 15 embry

os allotted per treatment group.
Hean values for development scores by stage and treat
ment are presented in Table 4.

Treatment had no main effect

on embryo development scores of cultured Stage-I and StageII equine embryos (Table
have an

4).

However, time in culturedid

effect (P < .05) on overall development scores for

both Stage-I and Stage-II embryos across all three treat
ments.
ment by
ment A.

For Stage II embryos, there was a significant treat
time interaction due primarily to effect of Treat
Stage-I embryos in Treatments A and C reachedtheir

maximum development stage after 48 hours, whereas embryos in
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TABLE 4. MEAN DEVELOPMENT S C O R E S FO R EQUINE EM BRYOS IN
TH R EE DIFFERENT CULTURE SY STEM S3

S tag etreatment*

n

l-A

7

l-B
l-C
I-Total

ll-A
ll-B

8

7

2 2

8

7

0

12

1.43
± .2 0

2.29
±.42

1.75
±.16

±.23

1.43

1 .8 6

± .2 0

±.34

ll-Tota!

8

23

72

±.46

3.29
±.42

3.29
±.42

3.29
±.42

2.50
±.42

2.63
±.42

2.63
±.42

2 .8 8

2 .8 8

±.44

±.44

2.42
±.37

2 .8 6

±.40

3.00
±.38

3.00
±.38

3.00
±.38

2.59
±.23

2.91
±.24

2.95
±.23

3.05
±.23

3.05
±.23

2 .8 6

3.29
±.42

1.55

2 .0 0

± .1 1

±.19

3.75
±.16

3.75
±.16

4.00

4.00

4.00

4.00

4.00

± .0 0

± .0 0

± .0 0

± .0 0

± .0 0

4.00

4.00

4.00

4.00

4.00

4.00

4.00

± .0 0

± .0 0

± .0 0

± .0 0

± .0 0

± .0 0

ll-C

1 .8 8

Time In culture (hoursl
24
36
48
60

± .0 0

4.00

4.00

4.00

4.00

4.00

4.00

4.00

± .0 0

± .0 0

± .0 0

± .0 0

± .0 0

± .0 0

± .0 0

3.91
±.06

3.91
±.06

4.00

4.00

4.00

4.00

4.00

± .0 0

± .0 0

± .0 0

± .0 0

± .0 0

3 Development score: 1=moru!a, 2<=earty blastocyst, 3=blastocyst, 4= expanded blastocyst
•Treatment A = control
Treatment B = equine fetal uterine fibroblasts
Treatment C = bovine fetal uterine fibroblasts
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Treatment B required 60 hours for corresponding development
in vitro.

In addition, Stage-I embryos in Treatments A and

C reached the blastocyst stage while embryos in Treatment B
did not exceed the early blastocyst stage of development as
expressed by mean development scores.
For Stage-II embryos, an increase in development scores
was only noted for those in Treatment A (Table 4).

This was

obvious since Stage-II embryos in both Treatments B and C
had mean embryo development scores of 4.0 (expanded blas
tocysts) at the onset of the culture interval.

Time in

culture for Stage-II embryos in Treatment A did have an
effect (P < .05) on increase of development after 24 hours
in culture.
Diameter of Embrvos in Culture
Mean diameters of cultured Stage-I and Stage-II embryos
by treatment and time in culture are shown in Table 5.

The

overall main effects of treatment and time in culture had no
significant effect on increase in mean diameter of cultured
equine embryos in Stage-I.

In contrast, treatment had an

increase (P < .01) on mean diameter of cultured Stage-II
equine embryos across time in culture.

Mean diameters of

Stage-II embryos in all three treatment groups were similar
after 24 hours of in vitro culture.
After 36 hours in culture, Stage-II embryos in Treat
ment B had a mean diameter of 1.63 mm which was greater
(P < .05) than the mean diameter of .956 mm for embryos in
Treatment C (Table 5).

After 48 hours in culture, mean
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TABLE 5. MEAN DIAMETER (MM) O F EQUINE EM BRYOS IN THREE
D IFFEREN T CULTURE SY STEM S

S tag etreatment*

n

l-A

7

l-B

8

0

7

ll-A

2 2

8

.267
±.05

.265
±.05

.2 1 0

±.04

.149

.180
±.03

.2 1 0

.2 0 2

.2 0 2

±.04

±.04

±.04

.204
±.04

.209
±.04

.158
±.03

.199
±.05

.227
±.06

.196
±.03

.242
±.06

.283
±.07

.217
±.03

.214
± .0 2

.236
±.03

.250
±.03

.131
.142

.171

.206

± .0 1

± .0 1

± .0 2

.587
±.13

.842

.967

± .2 0

± .2 2

1.40
±.27

.226
±.04

1.09a,b1 1.03®
±.24
± .2 1

1.09®
±.25

1.63b
±.33

1.71b
±.34

1.69®
±.32

1.78b
±.35

1.08a,b
±.15

1.08®
±.16

1 10

1.26
±.15

1.27
±.15

1.34
±.16

7

.738
±.14

1.15
±.23

It-C

8

.485
±.07

.753

.915

.956®

± .1 0

± .1 2

± .1 2

.597
±.07

.906

1.08

1 .2 1

± .1 1

± .1 2

±.14

23

.245
±.04

.173
± .0 2

(l-B

11-Total

72

.145

± .0 2

1-Total

60

± .0 1

± .0 1

l-C

12

Time in culture fhoursl
24
48
36

•Treatment A - control
Treatm ent B = equine fetal uterine fibroblasts
Treatment C - bovine fetal uterine fibroblasts
®,b M eans (±SE) in the sam e column with different superscripts differ (P<.05)

. ®b
±.26

1 21

. ®
±.16
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diameter of Stage-II embryos in Treatment B was 1.71 mm
which was larger (P < .05) than 1.03 mm for embryos in
Treatment A.

After 72 hours in culture, mean diameter of

embryos in Treatment B was similar to that of Treatment A
but was larger (P < .05) than that for embryos in Treatment

c.
Transitional Changes, in Diameter of cultured Embryos
Transitional changes were evident throughout the dura
tion of this study (Table 6).

The percent change in diame

ter of Stage-I embryos that occurred at 12-hour intervals
during 72 hours of culture was not affected (P > .05) by
overall main effect of treatment.

However, stage of embryo

placed in culture had an effect (P < .001) on the transi
tional change in diameter (increase and decrease) that
occurred during the culture interval.

Time in culture

affected (P < .001) percent increase and decrease in embryo
diameter that was noted at 12-hour intervals during the
culture for Stage-I and Stage-II embryos.

No main effect of

treatment on percent change in diameter of Stage-II embryos
was detected (Table 6).
Overall, both Stage-I and Stage-II embryos had substan
tial increases in diameter during the first 12 to 24 hours
in culture for all three treatments.

Stage-II embryos had a

greater (P < .05) increase in diameter after the initial 12
hours in culture than Stage-I embryos during the same time
interval.

The increase in diameter for Stage-II embryos

during the first 12 and 24 hours in culture was also greater
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TABLE 6 . PERCENT CHANGE IN DIAMETER OF EQUINE EMBRYOS IN
THREE DIFFERENT CULTURE SYSTEMS
S ta g etreatm ent 6

n

12

24

Time in culture (hoursl
36
48

l-A

7

18

18

l-B

8

18

13

-3b

l-C

7

19

21

12

1-Total

2 2

19d

17

5

ll-A

8

37

26a,b

1

ll-B

7

54

2 2

ll-C

8

60

11-Total

23

50®

7

a,b

a,b

a-b

4a-b

-,6 b

0

b

.1 b

3b

-4b

16a

12

8

5

2

?b

72

8

-2 b.c

2

b,c

a

15b

b,c

- 2 b-c

4

b,c

°

-.5°

1

c

.9

7

14b,c

4

23b-c

4C

12

24

12

5

b

60

•Treatment A «=control
Treatm ent B «= equine fetal uterine fibroblasts
Treatm ent C » bovine fetal uterine fibroblasts
a -b-c M eans within the sam e row with different superscripts differ (P<.05)
d-e M eans within the sam e column with different superscripts differ (P<.05)
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(P < .05) than any subsequent Increase in size that occurred
during the remaining 12-hour intervals.

Only Stage I em

bryos in Treatment B exhibited a decrease in embryo diameter
after 36 hours in culture.

Stage-I embryos in Treatment C

had a decrease in diameter after 48 hours in culture but
then increased in diameter over the next 24 hours in culture
(Table 6).
Stage-II embryos in Treatments B and C continued to
increase in diameter during the first 48 hours in culture
while embryos in Treatment A had a slight decrease in dia
meter.

Embryos in Treatment A, however, resumed growth in

culture over the next 24 hours in culture.
Capsule and_ICM Development for Stage-I Embrvos
Mean scores for the in vitro development of a capsule
as well as ICM by treatment and time are presented in Table
7.

Chi-square analysis for proportions indicated that there

was no difference in the in vitro development of capsule and
ICM for effects across treatment groups or time in culture.
Also, there were no treatment differences within time for in
vitro development of a capsule and ICM for cultured Stage-I
embryos.

However, there was a greater (P < .05) proportion

of Stage-I embryos developing a capsule after 60 hours when
cultured on a monolayer of bovine FUFB compared with HF-12
alone or equine FUFB.

After 36 hours in culture, Stage-I

embryos in Treatment A did not show any evidence of further
capsule development while embryos in Treatments B and C
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TABLE 7. MEAN S C O R E S FO R IN VITRO CAPSULE (CAP) AND INNER CELL
M ASS (ICM) DEVELOPM ENT IN TH REE D IFFEREN T CULTURE SYSTEM S*

Treatment**
-structure

A-CAP

n

_____________ Time.in culture fhours!
24
12
36
0
48

7

0 .0

±0 . 0
B-CAP

8

0 .0

±0 . 0
C-CAP

A-ICM

7

7

B-ICMt

8

C-ICM

7

60

72

0.14
±0.14

0.29
±0.18

0.57
±0 . 2 0

0.57
±0 . 2 0

0.57
±0 . 2 0

0.57
±0 . 2 0

0.13
±0.13

0.25
±0.16

0.38
±0.18

0.38
±0.18

0.50
±0.19

0.50
±0.19

o.oa

0.0a

±0 . 0

±0 . 0

0.29a
±0.18

0.57a
±0 .2 0

0.71a
±0.18

0 .8 6 b
±0.14

0 .8 6 b
±0.14

o.oa

±0 .0

0.14a
±0.14

0.57a
±0.18

0 .8 6 b
±0 .2 0

0 .8 6 b
±0 . 2 0

0 .8 6 b
±0 .2 0

0 .8 6 b
±0 . 2 0

0.13
±0 . 0

0.25
±0.13

0.63
±0.16

0.75
±0.18

0.75
±0.18

0.75
±0.19

0.75
±0.19

0.0a

0.43a
±0 . 0

0 .8 6 b
±0.18

0 .8 6 b
±0 . 2 0

0 .8 6 b
±0.18

0 .8 6 b
±0.14

0 .8 6 b
±0.14

±0 . 0

*0=capsule or ICM are not visible; 1=capsu!e or ICM are visible
"T reatm ent A - control
Treatment B - equine fetal uterine fibroblasts
Treatment C * bovine fetal uterine fibroblasts
a,b M eans (±SE) in the sam e row with different superscripts differ (P<.05)
t Mean ICM scores in Treatment B were greater at 3 6 ,4 8 ,6 0 and 72 hours of culture (P<.10}
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continued capsule formation for up to 60 hours of the cul
ture interval.
In addition, time in culture did not have a significant
effect (P < .10) on proportion of cultured Stage-I embryos
that underwent ICM development during culture in Treatment
B.

In contrast, time did have an effect (P < .025) on

Stage-I embryos that developed an ICM during culture for
Treatments A and C.

Maximum proportion of Stage-I embryos

undergoing ICM development was achieved by 36 hours in
culture across all three treatments (Table 7).
Quali_t_v_Grades of Cultured Embryos
Mean values for quality grades of cultured embryos by
stage as well as treatment are given in Table 8.

Mean

overall embryo quality grade scores for cultured Stage-I
embryos were affected (P < .0001) by treatments.

Stage of

the embryo placed in culture had an effect (P < .05) on the
resulting quality grades in all three treatment groups.
However, overall mean quality grade scores for cultured
Stage-II embryos were not affected by treatment (P > .05).
Stage-I embryo quality grades were similar for the
first 24 hours in culture for all three treatments.

After

36 hours in culture, Stage-I embryos in Treatments A and C
had similar mean embryo quality grade scores of 1.57 and
1.14, respectively (Table 8).

However, Stage-I embryos in

Treatment B had a mean quality grade score of 1.88 which was
lower (P < .05) than the mean score for Stage-I embryos in
Treatment C and similar to that in Treatment A.

This same
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TABLE 8. MEAN QUALITY GRADE S C O R E S FO R EQUINE EM BRYOS IN
TH R EE D IFFERENT CULTURE SY STEM S8

Time in culture fhoursl
24
36
48
60

S tag etreatment*

n

0

12

l-A

7

1.14
±.14

1 .0 0

1 .0 0

± .0 0

± .0 0

1.38
±.18

1 88

. c
±.35

2 8 8

. c
±.44

3.50c
±.33

3.75°
±.25

72

1.57b*c 2.29b-c 3.00b,c 3.71b<c
±.49
±.43
±.61
±.29

l-B

8

1.38
±.18

1.38
±.18

l-C

7

1.14
±.14

1 .0 0

1 .0 0
± .0 0

1.14b
±.14

1.43b

± .0 0

± .2 0

2.29b
±.36

2.71b
±.47

1.23
±.09

1.14
±.07

1.14
±.07

1.55
±.19

2.23d
±28

2.95d
±.24

3.41d

1 .0 0

1.13
±.13

1.25
±.16

1.25
±.16

1.50
±.27

1.75
±.37

2 .0 0

1.43
±.43

1.43
±.43

2.57
±.53

2 .8 6

1-Total

ll-A

2 2

8

± .0 0

ll-B
Il-C
Il-Total

7

8

23

± .2 1

±.38

1 .0 0

1 .0 0

1 .0 0

± .0 0

± .0 0

± .0 0

1.13
±.13

1.13
±.13

± .0 0

1.38
±.38

2.25
±.53

2.25
±.53

2.63
±.53

1.04
±.04

1.09
±.06

1.09
±.06

1.35
±.19

1.74®
±.25

2.17®
±.27

2.48®
±.28

1 .0 0

±.55

a Quality grade score: 1-excellent, 2-good, 3-fair, 4 -d eg en erate
•Treatment A - control
Treatm ent B - equine fetal uterine fibroblasts
Treatment C - bovine fetal uterine fibroblasts
b,c M eans (±SE) for treatm ents within the sam e columns with different superscripts differ (P<.05)
d,e M eans (±SE) for totals within the sam e columns with different superscripts differ (P<.05)
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pattern in terms of significant differences in mean quality
grade scores between Treatments B and C remained constant
throughout the remaining 36 hours in culture.
Overall, mean quality grade scores tended to be higher
in Treatment C for cultured Stage-I embryos compared with
those in Treatments A and B (Table 8).

Quality grade scores

were greater (P < .05) for Stage-II embryos when compared
with Stage-I embryos after 48 hours in culture.
Time.in culture also affected (P < .0001) the overall
mean embryo quality grade scores of Stage-I and Stage-II
embryos in all three treatments.

In Treatments A, B and C,

mean embryo quality grade scores of Stage-I and Stage-II
embryos were lower (P < .05) after 72 hours in culture
compared with scores after 12 hours in culture.

Mean embryo

quality grade scores for Stage-I embryo were lower (P < .05)
after 48 hours in culture for embryos in Treatments A and B ,
however, were not lower (P > .05) in Treatment C until 60
hours in culture.

For Stage-II embryos in Treatment A, mean

quality grade scores did not decrease (P > .05) until 72
hours in culture, whereas in Treatment B, a decrease (P <
.05) in quality grade scores was evident after 48 hours of
culture.

Similarly, a decrease (P < .05) in quality grade

scores was also noted for Stage-II embryos in Treatment C
after 48 hours of in vitro culture.
Overal1_Increase in Diameter of Cultured Embryos
Values for the percent increase in diameter at the end
of the 72-hour culture interval are given in Table 9.

The
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TABLE 9. PERCENT INCREASE IN DIAMETER OF EQUINE EMBRYOS AFTER
72 HOURS OF CULTURE IN THREE DIFFERENT SYSTEMS
1--!-H J - —

—

Embryo
stage
1

II
Com bined

I—

MB—

W

—

Control

^

i

t

Treatment
Equine FUFB*

—

P—

— —

Bovine FUFB*

36% b

98% a

117%a

135%a

130%a

99%

82%

115%

78% a,b

* FUFB=fetal uterine fibroblasts
a,b M eans within the sam e rows with different superscripts differ (P<.05)

—
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overall percent increase in diameter that occurred after 72
hours for all cultured equine embryos was affected by stage
of embryo.

In all three treatments, Stage-II embryos had a

greater (P < .05) percent increase in diameter than Stage-I
embryos within the same treatments.

Stage-II embryos in

Treatments A, B and C had a 117%, 135% and 130% increase in
diameter, respectfully, after 72 hours in culture.

In con

trast, Stage-I embryos in Treatments A, B and C had a 78%,
36% and 98% increase in diameter, respectively.
After 72 hours in culture, Stage-I embryos in Treatment

c had a 98% increase in diameter which was greater (P < .05)
than the 36% increase for embryos in Treatment B.

Percent

increase in diameter after 72 hours in culture was not
significantly different between either Treatments A and B or
Treatments A and C (Table 9).

No detectable treatment

effect was noted on the percent increase in diameter for
Stage-II embryos in Treatments A, B and c.

Diameter of

Stage-II embryos following 72 hours in culture for Treat
ments B and C tended to be greater than that for embryos in
Treatment A.

When both Stage-I and Stage-II embryos were

combined, embryos in Treatment C had an increase in diameter
of 115% which tended to be greater than the 99% and 82%
overall increase for Treatments A and B, respectively.
Viability of Cultured Embrvos
Viability scores for embryos by treatment and stage are
presented in Table 10.
embryo viability.

Treatment had no effect (P > .05) on

Time in culture had an effect on viabili-
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TABLE 10. MEAN VIABILITY S C O R E S FO R EQUINE EM BRYOS IN TH R EE
D IFFEREN T CULTURE SY STEM S*1®

S tag etreatment**

n

0

l-A

7

1 0 0

.

®

± .0 0

l-B

8

7

.

®

1 0 0

.

1 00

ll-A

2 2

8

*

7

ll-Total

.8

23

®

± .0 0

®

.

1 0 0

®

± .0 0

72

.8 6 ®
±.14

.57®

.43®

± .2 0

± .2 0

.14b
±.14

.8 8 ®
±.13

.50b
±.19

.25b
±.16

.13b
±.13

1 .0 0

1 .0 0

1 .0 0

1 .0 0

.8 6

± .0 0

± .0 0

± .0 0

± .0 0

±.14

.57®
± .2 0

1 .0 0

1 .0 0

1 .0 0

.50

± .0 0

.91
±.06

.6 8

± .0 0

± .1 0

± .1 1

± .1 0

1 .0 0

1 .0 0

1 .0 0

1 .0 0

.8 8

.8 8

± .0 0

± .0 0

± .0 0

± .0 0

±.13

±.13

.8 6 ®
±.14

.8 6 ®
±.14

.57b

.43b

± .2 0

± .2 0

.8 8 ®
±.13

.63®
±.18

.63®
±.18

.50b
±.19

.91
±..06

.83
±..08

± .1 0

'

1 .0 0

.

1 0 0

®

± .0 0

ll-C

.

1 0 0

.

1 0 0

60

± .0 0

± .0 0

ll-B

®

± .0 0

± .0 0

l-Total

.

1 0 0
± .0 0

± .0 0

l-C

Tima in culture fhoursl
24
36
48

12

.

1 00

.

1 00

® ’ 1 .0 0 ®
± .0 0

± .0 0

®

.

1 0 0

®

.

1 0 0

± .0 0

± .0 0

± .0 0

1 .0 0

1 .0 0

1 .0 0

± .0 0

± .0 0

± .0 0

®

.70

.27®

.50d
± .1 0

0=degenerate; 1-viable
"T reatm ent A = controt
Treatment B « equine fetal uterine fibroblast
Treatm ent C - bovine fetal uterine fibroblast
®>b M eans (±SE) with different superscripts within the rows differ (P<.05)
®-d Means (±SE) for the total within the sam e column with different superscripts differ (P<.05)

ty of Stage-I embryos in Treatment A, B and C.

After 48

hours in culture, viability of embryos in Treatment A was
not reduced (P < .10) but by 72 hours in culture there was a
decrease (P < .05) in viability.

Viability scores of Stage-

I embryos in Treatment B also decreased (P < .05) after 48
hours in culture.

After 72 hours in culture, the viability

scores of these embryos was further reduced (P < .05) in
Treatment B.

In Treatment C, viability scores did not

decrease (P < .10) after 72 hours in culture.
Mean viability scores of Stage-II embryos was greater
(P < .05) than the mean score for Stage-I embryos after 72
hours in culture.

Viability scores of Stage-II embryos was

affected by time in culture for embryos in Treatments B and
C but not for embryos in Treatment A.

After 72 hours in

culture, viability scores were lower (P < .05) for embryos
in Treatment B when compared with those at the initiation of
culture.

Viability scores for Stage-II embryos in Treatment

C were not lower (P < .10) after 48 hours in culture.
Viability scores were, however, further reduced (P < .05)
after 72 hours of culture in Treatment C.
Discussion
Both Stage-I and Stage-II embryos in this study ad
vanced in developmental stage during culture in Treatments
A, B and C.

After 24 hours in culture, Stage-I embryos

(morulae) in Treatments A, B and C had developed to early
blastocysts.

During this period in culture, trophoblast
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cells could be observed forming a single layer of compact
cells adjacent to the thinning ZP and(or) developing a cap
sule structure.

Trophoblast cells in these developing early

blastocysts were columnar in shape while the developing ICM
appeared to be just beginning to compact as similarly de
scribed by Wilson et al. (1987).

Early blastocysts in

Treatment A required an additional 12 hours in culture to
develop to blastocysts while embryos in Treatment B required
24 hours to develop to blastocysts.
Rate of development in these culture systems tended to
be slower than that which normally occurs in vivo (McKinnon
and Squiresr 1988).

The blastocysts that developed mor

phologically in vitro were similar to those previously
described by Betteridge et al. (1982) for freshly collected
embryos.

The culture systems used for this study did not

allow Stage-I embryos to develop to expanded blastocysts by
72 hours in culture.
Morphological differences that distinguish Stage-I from
Stage-II embryos include: replacement of the ZP with a
transparent acellular capsule, presence of an ICM and over
all embryo diameter.

Stage-II embryos in Treatment A devel

oped to expanded blastocysts (development score = 4 ) within
24 hours after the onset of culture.

During this 24-hour

period, the ICM developed adjacent to the capsule.
Oguri and Tsutsumi (1972) and Betteridge et al. (1982)
have observed that a rapid increase in embryo diameter
occurs after day 6 post-ovulation.

In the present study,

there was also a rapid increase in diameter noted across
time in culture, especially for Stage-II embryos in Treat
ment B.

Stage-I and Stage-II embryos had their greatest

percent increase in diameter during the initial 24 hours in
culture.

Clark et al. (1987) also reported a dramatic

increase in diameter for equine embryos cultured in HP-10
plus 10% FCS after either 12 or 24 hours in vitro. After 24
hours in culture the diameter of both Stage-I and Stage-II
embryos in Treatments A, B and C were well within the range
of values reported by others for in vivo-developed embryos
of the same corresponding age (Oguri and Tsutsumi, 1972;
Betteridge et al., 1982; Iuliano et al., 1985).
There is considerable variation in the current litera
ture for diameter of equine embryos collected on the same
days post-ovulation.

This inconsistency may reflect pro

blems encountered in determining the time of ovulation.
Despite these variations, mean diameter of Stage-I and
Stage-II embryos in this study tended to be smaller after 36
hours in culture than had been previously reported for
either Stage-I embryos (Iuliano et al., 1985) or Stage-II
embryos (Imel et al., 1981? Squires et al., 1982) of cor
responding age developing in vivo.

Only Stage-II embryos in

Treatment B were able to maintain a similar growth pattern
to that of embryos developing in utero.
Throughout this study, transitional changes (increases
and decreases) in embryo diameter were noted for embryos in
Treatments A, B and C after 24 hours in culture.

In most
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instances, embryos resumed growth by having subsequent
increases in diameter.

Early blastocysts (Stage I) were

often characterized by a sudden compaction of the entire ICM
and portions of the trophoblast in vitro that resulted in a
dark dense cell mass encompassed within the ZP.

Similar

descriptive embryo morphology has been reported following in
vitro storage of equine embryos at reduced temperatures for
12 to 24 hours (Carnevale et al., 1987; Clark et al., 1987;
Sertich et al., 1988).
Those portions of the trophoblast that failed to com
pact were attached to portions of the ZP.

In some instances

where embryos had on going capsule development, contraction
of the trophoblast clearly exposed the otherwise barely
visible capsule.

Collapsed embryos usually re-expanded

following 12 hours in culture unless the embryo was in the
process of degeneration.
Stage-II embryos also underwent similar contractions
and expansion of the embryonic cell mass during culture.

In

these instances the capsule became "wrinkled" in appearance
but would appear normal following re-expansion.

The embryo

nic cell mass of Stage-II embryos appeared as a small, dark
and dense mass within this wrinkled capsule.

Betteridge et

al. (1982) also noted similar events and stated that they
were probably due to osmotic effects.

In the present study,

such events frequently occurred during or shortly after
microscopic evaluation.

Possibly light passing through the

microscope, a drop in temperature or a pH change in vitro

were responsible for these contraction reaction.

Since

these events usually occurred after 24 hours in culture,
contractions may have been due to a decrease in membrane
integrity induced by time in culture.

Relaxation of inter

cellular junctions within the trophoblast would allow fluid
from the blastocoel cavity to escape resulting in collapse
of the blastocyst.

Whether or not contraction and re-expan-

sion is normal for equine embryos remains to be determined.
Correspondingly, Iuliano and Squires (1985) recovered and
transferred two blastocysts with collapsed trophoblasts,
resulting in one pregnancy.
One objective in this study was to evaluate in vitro
development of the acellular capsule in cultured Stage-I
embryos.

This transparent capsule normally begins to devel

op between the trophoblast and ZP of early blastocysts
shortly after entering the uterus.

Although there was no

treatment effect on capsule formation, Stage-I embryos in
Treatment C did have a significantly higher capsule develop
ment score compared with Treatments A and B after 72 hours
in culture.

Exact origin of the capsule remains specula

tive.
Guillomot et al. (1982) and Flood et al. (1987) have
suggested that the capsule is embryonic in origin and that
the trophoblast may actually be involved in its formation.
Since capsule formation is most likely not initiated until
the embryo enters the uterus, it is logical to suggest that
uterine factor(s) initiate capsule formation.

There was
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however, capsule formation in the medium-only control group
in the present study.

This finding suggests that uterine

fibroblasts from a bovine fetus may produce factor(s) neces
sary to allow capsule formation while in vitro.

However,

the undetected presence of a developing capsule in these
Stage-I embryos may have also been partially responsible for
results noted in Treatments A, B and C.
In the present study, the developing capsule would
first appear as a faint structure underlying the ZP after
approximately 24 to 36 hours in culture.

As time in culture

increased, the capsule would become more prominent giving
the thinning ZP-capsule complex almost a bilayer appearance
in many instances.

In no instance were these embryos ob

served hatching from the ZP in this study.

However, rem

nants of ZP were often observed attached to the capsule of
the developing embryo.

These results suggest that the ZP

gradually erodes away as capsule development occurs.

This

finding is in agreement with that of Flood et al. (1982)
describing the evolution of the ZP for equine embryos.
Observations on the developing Stage-I embryos indi
cated that as morulae developed, the perivitelline space was
eliminated and capsule development would begin.

In many

instances, morulae would require more than 24 hours in
culture to initiate capsule development once the perivitel
line space was eliminated.

This series of events are be

lieved to take less time is vivo.

Development of the ICM

would usually begin before capsule formation during in vitro
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culture.

Although initiation of capsule and ICM development

likely required more time In vitro. these morphological
events were similar to those previously described by
McKinnon and Squires (1988) for freshly collected embryos.
Results from this study indicate that early-stage
equine embryos (Stage-I) have different in vitro require
ments for maintenance of quality grades than more advanced
equine embryos (Stage-II).

Bovine FUFB monolayers provided

a better environment for maintaining acceptable quality
grades of Stage-I embryos during culture, whereas medium
alone or the addition of equine FUFB did not provide the
support necessary for maintaining suitable embryo quality
grades.

Mean quality grade scores after 72 hours in culture

indicated that embryos in Treatments A and B were degenerat
ing while embryos in Treatment C were still considered
better than "fair" in quality.

Clark et al. (1987) have

also reported that quality grades of equine embryos decreas
ed when cultured in MEM plus 10% FCS over a 24-hour period.
In the present study, however, quality grade scores for
Stage-I embryos in Treatment C did not decrease until 48 to
60 hours in culture.
In contrast, culture in medium alone (Treatment A) was
more effective in maintaining quality grades of cultured
Stage-II embryos than either co-culture system evaluated.
Embryos in Treatment A were considered as "good" quality
after 72 hours in culture while embryos in Treatments B and
C decreased to a "fair" quality grade.

Stage-II embryos
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generally had better quality grade scores than Stage-I
embryos after 48 hours in culture.

Clark et al. (1987) and

Carnevale et al. (1987) have concluded that more morphologi
cally developed equine embryos (Stage II) were more resis
tant to the damaging effects of cold storage which could
affect subsequent embryo quality grade scores.
After 72 hours in culture, Stage-I embryos cultured on
bovine FUFB cells had the greatest percent increase in
diameter.

These results suggest that bovine FUFB monolayer

provided a more favorable environment for growth to occur
when compared with that of Treatments A and B.

In addition,

Stage-I embryos in Treatment C had higher mean viability
scores after 72 hours in culture than those in Treatments A
and B.

For Stage-II embryos, the greatest percent increase

in diameter after 72 hours occurred in Treatments B and C
over that of Treatment A.
After assessment of the parameter evaluated by stage of
development, results suggest that established criteria for
embryo evaluation at transplant stations may not be valid
criteria for evaluating equine embryos in vitro.

After

plotting transformed embryo quality scores, viability
scores, embryo development scores and embryo diameter, these
results suggest that an increase in diameter and development
scores may not be related to embryo quality and viability.
For all Stage-I embryos, embryo diameter, development,
quality grade and viability scores appear to be closely
related for the initial 24 hours in culture.

However after
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24 hours in culture, embryo diameter and development scores
continued to increase while overall viability and quality
grade scores sharply decreased (Figure 5).

Increase in

diameter may have been attributed to the trophoblast cells
continuing to divide even though their viability and ICM
quality was decreasing.
Stage-I embryos in Treatment C had the greatest in
crease in diameter while maintaining the best overall viabi
lity scores.

This trend suggests that a monolayer of FUFB

provided a suitable environment for maintenance of embryo
quality and viability scores.

In addition, embryos in this

treatment had higher capsule development scores than embryos
in Treatments A and B.

Possibly, capsule development could

be used as a criteria to judge overall viability of Stage-I
embryos.
Stage-II embryos followed the same pattern as previous
ly described for Stage-I embryos.

During the initial 24

hours in culture, embryo diameter and development scores
also appeared to be closely related to development and
viability scores.

However, embryo viability and embryo

quality scores decreased sharply as diameter dramatically
increased (Figure 6).

Embryo development scores could not

be used as an accurate means of assessing viability since
all embryos had developed to expanded blastocysts (score =
4) after 24 hours in culture.

Accurate determination of

embryo viability for Stage-II was more difficult and sub
jective, since only the appearance and integrity of the
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Figure 5. Mean assessm en t values for various param eters m easured
for precapsulated equine embryos (Stage I) in combined culture system s.
(Transformed embryo quality score: 4 = excellent, 3 = good, 2 = fair,
1 = degenerate; Development score: 1 = morula, 2 = early blastocyst,
3 = blastocyst, 4 = expanded blastocyst; Viability score: 0 = degenerate,
1 = viable).
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Figure 6. Mean assessm en t values for various param eters m easured
for postcapsulated equine embryos (Stage II) in combined culture system s.
(Transformed embryo quality score: 4 = excellent, 3 = good, 2 = fair,
1 = degenerate; Development score: 1 = morula, 2 = early blastocyst,
3 = blastocyst, 4 = expanded blastocyst; Viability score: 0 = degenerate,
1 = viable).
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trophoblast could be efficiently evaluated.

Viability of

the ICM was difficult to ascertain since it became increas
ingly compact as time in culture increased.

These results

suggest that for Stage II-erobryos, a large increase in
diameter is not an accurate measurement of in vitro viabili
ty.
In summary, further research is required to determine
the requirements necessary for an effective equine embryo
culture system.

However, results reported herein suggest

that monolayer co-culture systems may provide a means to
maintain early stage embryos prior to transfer.

Culture

systems consisting of medium alone may provide only a suit
able means of maintaining Stage-II (postcapsulated) embryos
prior to transfer.

CHAPTER V
PREGNANCIES FOLLOWING 24-HOUR CO-CULTURE OF EQUINE
EMBRYOS ON FETAL BOVINE UTERINE MONOLAYER CELLS
Introduction
Routine use of equine embryo transfer has been on the
rise since more breed registries have been accepting foals
as a result of embryo transfer.

Thus, there now exists a

potential market for national and international movement of
equine embryos.

Until recently there had been little

information on efficient and reliable methods for transpor
ting equine embryos.

In the past, most equine embryos have

been cryopreserved and stored in liquid nitrogen for ship
ment.

Embryos transferred from this method have resulted

in variable pregnancy rates.
Initial studies have shown that day-6 equine embryos
survived cryopreservation to a better extent than day-7 or
day-8 embryos (Yamamoto et al., 1982; Takeda et al., 1984).
Correspondingly, pregnancy rates from cryopreserved earlystage blastocysts have been reported to be significantly
greater than those for equine recipients receiving expanded
blastocysts (Slade et al., 1985b).

However, recovery rates

for day-6 equine embryos are generally lower than those for
embryos collected on day 7 or day 8 post-ovulation (Vogel
sang et al., 1985; Iuliano et al., 1985).

With lower

recovery rates for day-6 embryos, and with the relatively
101
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poor ability of equine embryos to survive cryopreservation
(Czlonkowska et al., 1985), methods other than cryopreser
vation, likely will be useful for movement of equine
embryos.
Alternatives to embryo cryopreservation have been
addressed with other domestic species.

Early-stage embryos

from sheep and cattle placed in rabbit oviducts continue to
develop and have resulted in live births following transfer
to recipients (Hunter et al., 1962; Lawson et al., 1972).
Futhermore, live births have resulted after transport of
equine embryos using the rabbit as an intermediate host
(Allen et al., 1976).

Recently, Eyestone et al. (1987a)

have demonstrated that both one-cell and two-cell bovine
embryos could develop to the blastocyst stage and result in
transfer pregnancies when cultured in the oviducts of ewes.
In addition, these researchers noted no significant differ
ence in pregnancy rates when embryos were cultured in the
oviducts of either asynchronous or anestrous ewes.
Pregnancies have been reported after embryo storage at
0° and at 4°C prior to transfer in rabbits (Hughes and
Anderson, 1982), cattle (Bon Durant et al., 1982; Lindner
et al., 1983) sheep (Kardymowicz et al., 1976) and horses
(Pashen, 1987).

Equine embryos cooled to 4'C and trans

ported in a commercial semen transport container prior to
transfer tended to have lower pregnancy rates than those
transferred immediately after collection (Sertich et al.,
1987, 1988).
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Attempts at culturing equine embryos prior to transfer
have resulted in variable success rates.

In one study,

Imel (1981) has reported that culturing equine embryos in
Dulbecco's phosphate-buffered saline (DPBS) with 20% heattreated steer serum for 24 hours prior to transfer produced
no pregnancies.

Douglas (1982) also reported that main

tenance of equine embryos in DPBS plus 20% heat-inactivated
fetal calf serum for greater than 6 hours resulted in
significantly reduced pregnancy rates over fresh-trans
ferred embryos.

In an earlier study, Allen and Rowson

(1975) have shown, however, that TCM-199 medium was capable
of maintaining the viability of equine embryos in an in
vitro system.
In a recent report, Clark et al. (1987) demonstrated
that Ham's F-10 was more efficient than Modified Eagles
Medium (MEM) for embryo culture at 24°C in a humidified 5%
C02 in an air environment.

These researchers reported a

pregnancy rate of 40.6% for recipient mares at day 30 of
pregnancy for embryos cultured for 12 hours at 24 °c in
Ham's F-10 with 5% C02.

Carnevale et al. (1987) showed

that Ham's F-10 with 5% C02 maintained equine embryos with
better quality grades than those stored in HEPES-buffered
Ham's F-10 at 5cC during a 24-hour interval.

In this

study, pregnancy rates were lower for embryos cultured with
Ham's F-10 plus HEPES buffer compared with embryos cultured
in Ham's F-10 and 5% C02.
Co-culture systems provide a good environment for in
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vitro development of porcine (Allen and Wright, 1984),
ovine (Gandolfi and Moor, 1987; Rexroad and Powell,
1988a,b), bovine (Kuzan and Wright, 1982b; Wiemer et al.,
1987; Pool et al., 1988) and more recently for equine
embryos (Wiemer et al., 1988a,b).

Cross species co-culture

systems have also produced positive results when culturing
equine and human embryos (Wiemer et al., 1988a,b; Wiemer et
al., 1989b).

Thus, the objective of this experiment was to

compare pregnancy rates from fresh-transferred embryos with
those following a 24-hour culture of equine embryos on a
monolayer of fetal bovine uterine fibroblasts.
Materials and Methods
Experimental Animals
An experimental herd of 46 mares and four stallions
was managed and maintained primarily to harvest embryos for
culture and transfer experiments over two breeding seasons
(1987 through 1988).

This herd consisted of Arabian,

American Quarter Horse, Peruvian Paso and Welsh-type mares.
Mares were maintained on pasture throughout the year with
free choice grass hay plus some grain supplementation
during the winter months.

Mares were subjected to routine

vaccination and deworming programs used in the southeastern
United States.
Beginning in February, all mares were teased daily,
and their reproductive tracts were palpated daily per
rectum during estrus until ovulation was confirmed.

At the
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beginning of the breeding season, all mares with ovarian
follicles >20 mm were synchronized for estrus using
altrenogest (RegumateR : American Hoechst Corp., Trenton,
NJ) as previously described by Squires et al. (1979) and
Webel and Squires (1982).

Synchrony between potential

donors and recipients was maintained throughout the embryo
collection and transfer interval using 10 mg prostaglandin
F2a (PGF2a) (LutalyseR : Upjohn Co., Kalamazoo, HI).

The

experimental mares were in good body condition at the time
of estrus synchronization.
Donor mares with at least one 25 mm follicle and(or)
on their third day of estrus were artificially inseminated
with 500 x 106 normal, progressively motile spermatozoa on
alternating days until ovulation was detected at palpation.
The day of follicle rupture (some follicular fluid still
present) was designated day 0? whereas, mares with freshly
ruptured follicles (devoid of any follicular fluid) were
classified as being on day .5 post-ovulation.

Recipient

mares were also palpated for follicular development during
estrus until ovulation occurred.
Embrvo Collection.Procedures
Donor mares were collected non-surgically on either
day 6 or day 7 following ovulation using a modified gravity
flow procedure as previously described by Casey et al.
(1986).

All mares were flushed for a single embryo with

1,000 to 2,000 ml of either Ham's F-10 or Ham's F-12 medium
(Gibco, Grand Island, NY) with 1% heat-inactivated fetal
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calf serum, 100 units of penicillin, 100
and .25

p g

p g

of streptomycin

of amphotericin-B per ml of medium.

Hares were

injected with a single 10 mg dose of PGF2« intramuscularly
(i.m.) after uterine flushing to shorten the interovulatory
period.

In addition, any recipients not receiving an

embryo were administered 10 mg of PGF2a£ (i.m.) to maintain
synchrony with respective donor mares.
Monolaver Preparation
Monolayers utilized throughout this study were
established using reproductive tracts from two bovine
fetuses harvested between days 270 and 275 of gestation.
Fetal uterine fibroblasts were obtained using a procedure
similiar to that described by Kuzan and Wright (1982b) and
Voelkel et al. (1985) for endometrial tissue collected from
the uterine cornua of adult animals.
Fetal bovine reproductive tracts were aseptically
collected at slaughter and placed in sterile plastic bags
containing Hank's Balanced Salt solution (HBSS) supple
mented with 500 units penicillin and 500
(PS) per ml medium.

p g

streptomycin

Fetal tracts were then placed on ice

for transport back to the culture laboratory.
Endometrial tissue was carefully excised and washed in
HBSS containing PS.

These endometrial tissue sections were

then dissected into 2 mm2 cubes and 30 to 40 of these
tissue explants were placed into 25 cm2 tissue culture
flasks.

After placing the explants in culture flasks, 2 ml

of Ham's F-10 (HF-10) with 10% heat-inactivated fetal calf
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serum (FCS) and PS was pipetted into each flask.

All

flasks were incubated at 37"c in a humidified atmosphere of
5% C02 in air.

While cell growth originating from the

explants was occurring, one half of the medium in each
flask was exchanged at 72-hour intervals.
After 8 to 10 days of incubation, all explants were
removed and antibiotic concentrations reduced to 200 units
penicillin and 200 pg streptomycin per ml of HF-10 culture
medium.

Honolayered flasks were trypsinized with a

phosphate-buffered saline solution containing .05% trypsin
and .002% ethylenediamine tetraacetic acid.

Additional

flasks were seeded with one half of the original cell popu
lation, and these usually developed confluent monolayers
within 4 days.
After seven subpassages, cells in all monolayered
flasks were frozen using HF-10 with 10% FCS, 200 units
penicillin, 200 pg streptomycin and 7% dimethyl-sulfoxide
(DHSO), and stored frozen in liquid nitrogen (-196°c).

All

fetal uterine fibroblast cells (FUBC) used in this study
had previously been frozen and stored for at least 30 days
prior to use.

Approximately 3 weeks prior to the co

culture of equine embryos, FUBC were thawed and grown in
Ham's F-12 with 10% FCS, .292 mg L-glutamine, 200 units
penicillin and 200 pg streptomycin per ml of medium (HF12 ).

Evaluation and Allotment of Embrvos
Following collection, embryos were carefully evaluated
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under stereomicroscopy (10-40X).

Each embryo was then

sequentially washed through twelve 60
medium in a 100 mm petri dish.

p i

droplets of HF-12

All embryos were moved and

washed using sterile glass Pasteur pipettes.

Embryos were

placed in a 35 mm petri dish with 10 ml of HF-12 in
preparation for image analysis.

The diameter of each

embryo was measured using a Zeiss ICM-405 inverted micro
scope (40 to 200X) equipped with a TV camera and attached
to a CP/M based Zeiss Videoplan-II microcomputer using the
procedure previously described by Casey et al. (1988).
A total of 35 embryos with quality grades of 1 and 2
(1 = excellent and 2 - good) were randomly assigned to one
of two treatment groups by morphological development stage.
The embryos allotted to each treatment were classified
either as a precapsulated embryo (Stage I) (early morulae
to early blastocysts, with a zona pellucida present but no
visible capsule development) or as a postcapsulated embryo
(Stage II) (blastocysts to expanded blastocysts, with a
visible capsule present).

When more than one embryo was

contributed to the experiment by a single donor, each
embryo was placed sequentially across both treatments.
Embryos allotted to Treatment A (n = 15) were nonsurgically transferred within 1 hour to recipients of +1 to
-3 days synchrony with the donor (day 0 = donor and
recipient ovulating on the same day).

Embryos alloted to

Treatment B (n = 20) were cultured on a monolayer of FUBC
for 24 hours prior to non-surgical transfer to recipients
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ranging from +1 to -3 days synchrony with the donor. The
FUBC co-cultures were maintained at 37*C in a humidified
atmosphere of 5% C02 in air for 24 hours.
In addition to those embryos co-cultured for 24 hours,
three additional embryos (recipients were not available at
that time for transfer) from the same donor mares were co
cultured on the same monolayer of FUBC for 48 hours prior
to transfer to similar recipient mares.
Monolayers in Treatment B were prepared by plating 1 x
105 viable fibroblasts per well in four-well tissue culture
plates (Nunc™, Denmark) containing HF-12 medium.

Fresh

medium (1.5 ml) was replaced in each well of the culture
plate containing the fibroblasts and the embryo at the
onset of co-culture.

These culture plates were seeded with

fibroblasts 24 to 48 hours prior to onset of embryo co
culture .
Embrvo Transfer Procedures
In this study, only mares with normal length estrous
cycles, that had previously foaled and(or) had embryos
recovered at least 50% of the time, were used as donor or
recipient animals.

On the day of transfer, the vulva and

perineum of the recipient mare were washed with a dilute
aqueous iodine surgical scrub (BetadineR : Purdue Frederick
Co., Norwalk, CT) after the tail had been wrapped.

The

perineal region was then rinsed several times with clean
water and carefully dried with aseptic paper towels.
All embryos (<800 fim in diameter) were non-surgically

transferred to either the uterine body or the uterine horn
of recipient mares with a guarded .25 ml Cassou artificial
insemination device (IMV, France), while embryos >800 pm in
diameter were transferred using a standard 53 cm guarded
equine insemination pipette (Nasco, Baraboo, WI).

A sheath

was placed over the Cassou device and(or) insemination
pipette to aid in reducing the incidence of post-transfer
uterine contamination.

The method of preparing and using

guard sheaths has been described previously (Squires et
al., 1982; Iuliano et al., 1985).

The HF-12 medium

(maintained at room temperature) was used for holding and
transferring the embryos in both treatment and control
groups.

After non-surgical transfers were completed,

recipients were maintained in pastures separate from the
main herd until pregnancy was diagnosed by ultrasound.

Bregnangy-Biagnpsis
Pregnancy was first diagnosed by ultrasonography in
recipient mares on day 13 post-ovulation.

During this

procedure mares were examined for embryonic vesicles using
a 5 MHz ultrasound transducer.

In addition to ultrasound,

mares were also rectally palpated after day 30 post
ovulation.

Pregnancies were reconfirmed by rectal palpa

tion between day 61 and day 90, and again after day 120
post-ovulation.
Statistical Analysis
A Chi-square procedure corrected for continuity using
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Yates correction formula (Fleiss, 1981) was used to
determine effect of treatment and stage of embryo trans
ferred immediately after collection or cultured prior to
transfer on pregnancy rates. For the two treatments (A and
B), a General Linear Model of the Statistical Analysis
System (SAS, 1985) was used to evaluate the effect of time
in culture for nonpregnant and pregnant mares on mean
diameter and percent change in embryo diameter.

When

significant differences were detected, means were separated
using the Least Square Difference method.

In addition, a

2-test for proportions was used to evaluate the effect of
in vitro development of capsule and inner cell mass (ICM)
cells for Stage-I embryos on pregnancy rates and technician
effect on pregnancy rate.
Results
Embrvo Collection Data
A total of 77 embryo collection attempts from 28 donor
mares resulted in 50 embryos, for a 64.9% recovery rate.
Embryos ranged from day-6 morulae to day-7.5 expanded
blastocysts.

Thirty-five of these embryos, classified as

quality grades 1 and 2, were randomly allotted by develop
mental stage across treatment groups.

In addition, three

supplemental embryos were co-cultured for 48 hours prior to
transfer.

The remaining 13 embryos either were of low

embryo quality or were not used in the experiment due to
the lack of available recipients at the time of transfer.
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Factors.Affecting Pregnancy Rates
Overall pregnancy rate for embryos in Treatment A was
53.3% (8/15) and 42.1% (8/19) for embryos in Treatment B
(Table 11).

After transfer, one recipient in Treatment B

contracted a severe upper respiratory tract infection and
was deleted from the study.

For the supplemental embryos

cultured for 48 hours prior to transfer, one of three
embryos (33%) resulted in a transplant pregnancy.
In Treatment A, 50% of Stage-I embryos and 57.1% of
Stage-II embryos resulted in pregnancies following trans
fer.

In Treatment B, co-cultured Stage-I embryos resulted

in a 45.5% pregnancy rate, whereas co-cultured Stage-II
embryos resulted in a pregnancy rate of 37.5%.

There was

no significant effect of treatment or treatment by stage on
pregnancy rates.
In the control group (Treatment A), the initial
pregnancy rate between day 13 and day 30 post-ovulation of
53.3% was maintained throughout all phases of pregnancy
diagnosis.

In Treatment B, the pregnancy rate between day

13 and day 30 post-ovulation was 47.3% (9/19) but then
declined to 42.1% (8/19) between day 31 and day 60 post
ovulation.

However, this pregnancy rate for recipient

mares in Treatment B has been maintained for >300 days
post-ovulation at this writing.

There was no significant

effect of treatment on maintenance of pregnancy across
treatment groups.
Two trained technicians performed the non-surgical
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TABLE 11.

EMBRYO TRANSFER PREGNANCY RATES BY MORPHOLOGICAL
STAGE AND TREATMENT

Morphological stagea
Treatment

n

Stage I

Stage II

A Control

15

50.0% (4/8)

57.1% (4/7)

53.3% (8/15)

B Cultured

20°

45.5% (5/11)

37.5% (3/8)

42.1% (8/19)

Total*3

aStage I - precapsulated and Stage II = postcapsulated
embryos
bPregnancy rates were not significantly different
cOne mare deleted due to severe respiratory illness
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embryo transfers in mares across both treatent groups.

At

the conclusion of the study, Technician A had achieved a
pregnancy rate of 58.8% while Technician B obtained only a
35.3% pregnancy rate.

Pregnancy rates, however, were not

significantly different between technicians.
Fresh-Transferred Embrvos
In Treatment A, the mean diameter of Stage-II embryos
tended to be greater than that of Stage-I embryos for both
nonpregnant and pregnant recipient mares (Table 12).
Correspondingly, the mean diameter (.377 mm) for all StageII embryos was greater (P < .05) than that of all Stage-I
embryos (.151 mm) in Treatment A.

There was no significant

difference in mean embryo diameter for all nonpregnant
recipient mares (.261 mm) when compared with mean embryo
diameter (.252) for all pregnant recipient mares.
Co-cultured Embrvos
Overall, the FUBC monolayer system enhanced in vitro
embryo development in Treatment B.

Stage-I embryos, which

did not result in a pregnancy, increased in mean diameter
from .140 mm to .205 mm during the 24-hour culture period
prior to transfer (Table 13).

Correspondingly, Stage-I

embryos, which did result in a pregnancy, increased mean
diameter from .155 to .284 mm.

Early-stage embryos that

resulted in a pregnancy after 24 hours of culture had a
greater (P < .05) percent change in mean diameter than the
early-stage embryos that did not result in a pregnancy
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TABLE 12.

MEAN DIAMETER (MM) OF FRESH-TRANSFERRED EQUINE
EMBRYOS IN TREATMENT A (CONTROL)

Morphological development
Pregnancy
status

Stage I

n

Stage II

n

Stages
combined

n

Nonpregnant

.168

4

.386

3

.261

7

Pregnant

.133

4

.370

4

.252

8

Combined

.151a

8

.377b

' 7

.257

15

a /bMean values within the same row with different super
scripts differ (P < .05)

TABLE 13.

IK VITRO DEVELOPMENT OF PRECAPSULATED (STAGE I) EMBRYOS IN NON
PREGNANT AND PREGNANT RECIPIENT MARES

-

Pregnancy
status

Number of
recipient
mares

Mean size (mm)
at onset of
culture

Mean size (mm)
after 24 h culture
(at transfer)

Mean
growth
(mm)

%
change

Nonpregnant

6

.140

.205

.065

43.2%c

Pregnant

5

.155

.284

.129

82.0%d

Combined

11

.147®

.241b

.094

62.6%

a '^Mean values within the sane row with different superscripts differ (P < .01)
c 'dMean values within the same column with different superscripts differ
(P < .05)
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(82.0% VS. 43.2%).
A similar in vitro growth and development pattern was
noted for Stage-II embryos cultured in this study.

During

the 24-hour culture period prior to transfer, Stage-II
embryos that did not result in a pregnancy increased in
mean diameter from .445 mm to .742 mm (Table 14).

Mean di

ameter of Stage-II embryos, which resulted in a pregnancy,
increased from .376 mm to .735 mm when cultured on FUBC for
24 hours.

The percent change in mean diameter of Stage-II

embryos resulting in a pregnancy was 108%, whereas those
not resulting in a pregnancy tended to have a 63.9% change
in embryo diameter during co-culture.

Embryos that

resulted in a pregnancy had a greater percent increase in
diameter (P < .08) than those not resulting in a pregnancy.
Overall, co-cultured embryos that did not result in a
pregnancy increased in mean diameter from .279 mm to .449
mm, a 52.6% increase (Table 15).

Correspondingly, those

embryos that resulted in a pregnancy increased in diameter
from .238 mm to .453 mm, a 91.7% increase.

Embryos result

ing in a pregnancy had a greater (P < .05) percent increase
in diameter after 24 hours on monolayer culture than those
embryos not resulting in a pregnancy.

Co-cultured embryos

had an overall increase in mean diameter of 72.1% during
the 24-hour culture interval.
Stage-I embryos that were capable of developing a
capsule and ICM cells while in co-culture had a 55.6% (5/9)
pregnancy rate, however, those that did not develop into

TABLE 14.

Hi VITRO DEVELOPMENT OF POSTCAPSULATED (STAGE II) EMBRYOS IN
NONPREGNANT AND PREGNANT RECIPIENT MARES

Pregnancy
status

Number of
recipient
mares

Mean size (mm)
at onset of
culture

Mean size (mm)
after 24 h culture
(at transfer)

Mean
growth
(mm)

%
change

Nonpregnant

5

.445

.742

.297

63.9%c

Pregnant

3

.376

.735

.359

108.0%d

Combined

8

•419a

.739b

.328

8 6 .0 %

a 'j^Mean values within the same row with different superscripts differ (P < .05)
c 'dMean values within the same column with different superscripts differ
(P < .08)
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TABLE 15.

IE VITRO DEVELOPMENT OF ALL EMBRYOS (STAGE I AND STAGE II) IN
NONPREGNANT AND PREGNANT RECIPIENT MARES

Mean size (mm)
at onset of
culture

Mean size (mm)
after 24 h culture
(at transfer)

11

.279

Pregnant

8

Combined

19

Pregnancy
status
Nonpregnant

Number of
recipient
mares

Mean
growth
(mm)

%
change

.449

.170

52.6%a

.238

.453

.215

91.7%b

.26 2 a

.451b

.189

72.1%

a 'bMean values within the same row and column with different superscripts differ
(P < .05)

120
postcapsulated embryos during co-culture produced no
pregnancies (0/2).

Correspondingly, Stage-II embryos

having a visible capsule present at the onset of co-culture
had only a 37.5% (3/8) pregnancy rate after 24 hours of
culture.
Discussion
In this study, co-culturing equine embryos on FUBC
prior to recipient transfer resulted in pregnancy rates
comparable with those for embryos transferred immediately
following collection.

Pregnancy rates from control

transfers (Treatment A) were similar for both the larger
Stage-II embryos and the smaller Stage-I embryos (57.1% vs.
50%).

These pregnancy rates were greater than those

previously reported for recipient mares by Iuliano et al.
(1985), who compared pregnancy rates for non-surgically
transferred day-7 embryos with similarly transferred day-8
embryos.
In the present study, pregnancy rates from the cocultured embryos (Treatment B) were greater for Stage-I
embryos when compared with those for Stage-II embryos.
Similar findings for stage of development have also been
noted when transferring frozen-thawed early-stage equine
embryos (Slade et al., 1985a). In contrast, Clark et al.
(1987) reported a lower pregnancy rate when lesser develop
ed equine embryos were transferred after culture in Ham's
F-10 for 12 hours.

In an earlier study, Imel (1981)
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reported that culturing equine embryos in DPBS with 20%
steer serum for 24 hours prior to transfer resulted in no
pregnancies.

The lower pregnancy rate for Stage-II co-

cultured embryos in the present study may have been due to
the inability of this culture system to provide a suitable
environment for the rapidly growing embryos.
The pregnancy rates in this study might have been
greater if recipient mares had been examined by ultrasound
for the presence of uterine fluid and abnormal ovarian
structures prior to transfer.

Furthermore, overall

pregnancy rates may have been influenced by the technician
transferring the embryo.

Technician effects on transfer

pregnancy rates in recipient mares has been previously
documented (Squires et al., 1982).

Uterine contamination

at the time of transfer has also been implicated in lower
equine transfer pregnancy rates among technicians (LagneauPetit et al., 1988).
In Treatment B, only one pregnancy was lost (5.2%
embryonic loss) after day 30 of gestation compared with no
losses detected in Treatment A.

In contrast, Douglas

(1982) has reported a 42.8% embryonic loss between day 24
and day

100

after culturing equine embryos for

>6

hours in

DPBS prior to transfer.
Culturing equine embryos at 5°C may also affect
subsequent embryo mortality in utero.

Carnevale et al.

(1987) have reported post-transfer embryo mortality rates
of 21% and 25% after culture in Ham's F-10 with 5% C0 2 and
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HEPES-buffered Ham's F-10, respectively, at 5°C for 24
hours.

Similarly, Sertich et al. (1987) reported an

initial pregnancy rate of 38% on day 14 of gestation and a
full-term pregnancy rate of only 19% from pre-cooled equine
embryos.

They noted that after cooling many blastomeres

had shrunk away from the zona pellucida, and that indi
vidual cells had a darkened appearance.

Pashen (1987) has

shown, however, that equine embryos stored at 4 °C for >48
hours continue to develop following placement in culture at
37°C.

A 57% pregnancy rate was achieved following the

transfer of these embryos.
It is possible that the cooling process may damage the
inner mass cells of the embryo prior to transfer.

This may

account for the decrease in pregnancy rates often noted as
gestation progresses.

Furthermore, the natural incidence

of embryonic loss in the mare can be substantial during
gestation (Ginther, 1985; Ginther et al., 1985; Woods et
al., 1985).

Thus, cooling or conventional culturing of

equine embryos prior to transfer may further contribute to
early embryonic loss in recipient mares.
In cattle, similar gestational losses had been
reported for blastocysts transferred after culturing for 24
hours in Henezo's B2 medium (Renard et al., 1980).

It was

noted that the gestation loss (46.3%) occurred primarily at
the time of implantation.

Short-term culture of bovine

embryos in medium alone just prior to transfer may provide
an adequate environment for the trophoblast cells but not
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for development of the ICM cells.
Stage-II control embryos were significantly greater in
diameter than corresponding Stage-I embryos for both non
pregnant and pregnant mares.

Overall, Stage-II embryos had

a mean diameter of .377 mm and Stage-I embryos had a mean
diameter of .151 mm.

These measurements are in close

agreement with those for similar stage equine embryos
reported by McKinnon and Squires (1988).
To date, only limited data are available on the effect
of In vitro development of equine embryos on transfer preg
nancy rate.

In the present study, Stage-I and Stage-II

embryos were successfully cultured for 24 hours on a mono
layer of FUBC prior to transfer.

Mean diameter increased

significantly in culture (62.6%) for Stage-I embryos.

At

the onset of co-culture, all Stage-I embryos had a mean
diameter that was similar to those reported for equine
embryos by Wilson et al. (1986).

After 24 hours in

culture, Stage-I embryos that resulted in a pregnancy had
an 82% increase in diameter, whereas the diameter of those
embryos that failed to produce a pregnancy after transfer
only had a 43.2% increase in diameter.
Stage-II co-cultured embryos had a similar in vitro
growth pattern as Stage-I embryos.

The mean diameter of

all Stage-II embryos increased significantly after 24 hours
of culture, corresponding to an
growth.

86%

increase in embryonic

Stage-II embryos that resulted in a pregnancy had

a 108% increase in embryo growth compared with only 63.9%
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for embryos not resulting in a pregnancy.

Although this

growth pattern agrees with that noted for Stage-I embryos,
pregnancy rates for Stage-I embryos tended to be higher
than those for Stage-II embryos.

Time in culture (24

hours) had a significant effect on increase in diameter for
all Stages-I and Stage-II embryos.

In this case, there was

a 72.1% increase in mean diameter across all embryos.
Also, embryos resulting in a pregnancy had a greater
percent increase in embryonic growth than those embryos
that did not result in a pregnancy* (91.7% vs 53.6%). Thus,
all embryos, which resulted in a pregnancy after 24 hours
in culture, had a greater mean diameter than those embryos
which failed to produce a pregnancy after transfer.

These

morphometric findings suggest that co-culture procedures
could be used as a diagnostic tool to evaluate embryos from
mares with a previous history of infertility and of early
embryonic death.
In the present study, all embryos that were cultured
on the FUBC monolayer maintained embryo quality grade
scores of 1 and 2.

These cultured embryos did not exhibit

a granular appearance, trophoblastic indentation, cell
separation or extruded blastomeres, nor did the blastocoele
cavity collapse.

Furthermore, these co-cultured embryos

were similar in diameter to those reported for expanding
equine blastocysts (McKinnon and Squires, 1988).
Stage-I and Stage-IX embryos placed in culture had a
greater mean diameter following the 24-hour culture period.
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For those cultured embryos resulting in pregnancies, the
Stage-II embryos had an 108% increase in size during
culture compared with 82% increase for Stage-I embryos.
These findings are in agreement with Casey et al (1988),
who reported that postcapsulated embryos had a 130%
increase in embryonic growth compared with a 98% increase
in growth for precapsulated embryos after 72 hours in
culture.
In the present study, precapsulated embryos at the
onset of culture tended to have higher pregnancy rates than
postcapsulated embryos.

Of the Stage-I embryos cultured

for 24 hours, 81.8% lost their zona pellucida, completed
capsule development and exhibited localization of their ICM
cells.

Of the postcapsulated embryos that developed in

culture, 55.6% resulted in transfer pregnancies.
The culture of equine embryos in medium alone may
increase the incidence of post-transfer embryonic loss.
This loss may be attributed to death or damage to the ICM
cells during culturing.

It is possible that culture medium

alone does not provide the necessary factors for main
tenance of the embryonic cells that contribute to the ICM.
Correspondingly, the equine embryo has been shown to
increase rapidly in size between day

6

and day

8

post

ovulation (Oguri and Tsutsumi, 1972; Iuliano et al., 1985),
the time period when harvested equine embryos would usually
be placed in an in vitro culture system.
The increased incidence of early embryonic loss

associated with embryo culture may also be due to the
insufficient levels of factors necessary for rapid growth.
Sutton et al. (1984) have isolated a glycoprotein from
ovine oviductal fluids that may be beneficial to In vivo
embryo development.

Correspondingly, Hyde and Black (1986)

have similarly isolated sulfated glycoproteins from rabbit
oviductal explants that may have embryotropic activity.
Therefore, explant cells from the female reproductive tract
may be capable of producing stimulatory proteins and(or)
peptides in the culture system.

Consequently, these

unknown substances may be produced by FUBC An vitro that
stimulate the development of the ICM cells as well as the
trophoblast cells during co-culture.

In addition, it

should not be overlooked that co-culture systems could be
removing toxic metabolites produced by rapidly developing
embryos as has been previously suggested for uterine
fibroblast culture systems (Kuzan and Wright, 1982b; Allen
and Wright, 1984).
In summary, results presented in this study suggest
that co-culture of equine embryos on a FUBC monolayer may
provide a viable alternative for short-term storage and
movement of equine embryos.

Recent results in our labora

tory show that these cells also grow well in glass dram
vials at room temperature.

This closed system has been

shown to prevent a change in pH and reduces the possibility
of contamination while in storage.
have remained viable for >3 days.

Using this system, FUBC
Development and main-

tenance of a monolayer system is relatively simple and
could provide a feasible system for embryo movement.

A co

culture system may be advantageous over that of medium
only, cold storage, or cryopreservation systems for long
distance transport of equine embryos.

CHAPTER VI
IN VITRO DEVELOPMENT AND IMPLANTATION OF HUMAN
EMBRYOS FOLLOWING CULTURE ON FETAL BOVINE
UTERINE FIBROBLAST CELLS
Introduction
Despite a high incidence of human in vitro fertiliza
tion (IVF) usually only 10% of embryos implant following
replacement.

An increased frequency of genetic abnor

malities in such embryos explains the high rate only in
part.

The use of suboptimal methods of follicular stimula

tion often leads to fertilization and cleavage but implan
tation may be impaired.

In addition, an unknown number of

embryos will be lost at replacement.

The development of

cleaved embryos in vitro decreases considerably after the
eight-cell stage.

An improvement of culture systems may be

necessary to increase the overall success of IVF.
In recent years, noted advances have been made in
embryo culture methodology with the use of feeder cell
culture systems for mammalian embryos.

Cole and Paul

(1965) were first to report success when culturing murine
embryos on a HeLa feeder cell co-culture system: a higher
percentage of mouse blastocysts hatched in vitro when cocultured on a monolayer of cells.

Kuzan and Wright (1982b)

have reported an increase in the percentage of bovine
morulae developing to the hatched blastocyst stage when
cultured on a monolayer of adult bovine uterine fibroblast
128
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cells.

Subsequently, Voelkel et al. (1985) showed similar

results for bovine demi-embryos when co-cultured on an
adult bovine uterine monolayer system.

More recently, the

use of a fetal bovine uterine fibroblast monolayer culture
system has been reported to be a suitable system for in
vitro co-culture of bovine and equine morulae as well as
blastocysts (Wieraer et al., 1987, 1988a,b).

The co-culture

of early-stage ovine embryos on a monolayer of oviductal
epithelial cells has recently been reported to improve
embryo development and rate of cell cleavage when compared
with embryos cultured in medium alone (Gandolfi and Moor,
1987; Rexroad and Powell, 1988a,b).
The objective of this study was to evaluate the in
vitro development of human two- and three-pronucleate
zygotes on a monolayer of fetal bovine uterine fibroblasts
and to establish pregnancies in patients following embryo
replacement between the two- and eight-cell stage.
Materials and Methods
Isolation and Growth of Fetal Uterine Fibroblasts
Preparation of fetal uterine fibroblast monolayers
were established using a modified procedure for adult
uterine fibroblast monolayers previously described by Kuzan
and Wright (1982b) and Voelkel et al. (1985).

Fetal

uterine endometrial tissues were aseptically obtained from
female reproductive tracts removed from two healthy bovine
fetuses in their last trimester of gestation («270 days).
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The reproductive tracts (excluding the vagina and ovaries)
were placed into sterile plastic bags each containing

100

ml of Hank's Balanced Salt solution (Gibco, Grand Island,
NY) supplemented with 500 units penicillin and 500

n g

streptomycin (PST) per ml of fluid and then placed on ice.
These reproductive tracts were immediately transported to
the laboratory for tissue processing.
Excess connective tissue was removed from the uterine
body and uterine horns of each tract prior to opening the
fetal uterus.

The lumen of both uterine horns was careful

ly exposed and random endometrial tissue sections were
removed and washed in Hank's Balanced Salt solution (HBSS)
supplemented with PST.

Care was taken to only remove

endometrial tissues exposed to the lumen of the uterus.
These tissue sections were then dissected into smaller 2
mm 2 sections and washed twice in HBSS containing PST.
During the dissection procedure the tissue explants were
moistened with HBSS with PST as needed to prevent drying of
tissues.
Forty of these endometrial explants were placed into a
total of 12 standard 25 cm 2 tissue culture flasks with 2 ml
of Ham's F-10 culture medium (Gibco, Grand Island, NY)
supplemented with 10% heat-treated fetal calf serum (FCS),
PST and .25

n g

of amphotericin-B per ml of medium.

These

tissue explants were then incubated at 37’C in a humidified
atmosphere of 5% C0 2 in air.

Daily observations were made

on all flasks using a Nikon inverted microscope (60 -
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100X).

Rapid cell growth and attachment were usually

observed on the 5th day of incubation.

One half of the

Ham's F-10 culture medium was replaced at 72-hour intervals
during the "explant phase" of the fibroblast cell prepara
tion procedure.
After 9 days of incubation, the explants were removed
and placed into new tissue culture flasks to increase the
number of cells.
were reduced to

At this time, antibiotic concentrations
200

units penicillin and

tomycin per ml of the Ham's F-10 medium.

200

fig of strep

The flasks

designated for co-culture treatments were all maintained
with 10 ml of Haro's F-10 culture

medium supplemented with

10% FCS, 200 units penicillin, 200 fig of streptomycin and
.25 fig of amphotericin-B per ml (HF-10).
Monolayers were established in 25 cm 2 tissue culture
flasks between 14 to 20 days after initial incubation of
the endometrial explants.

Monolayered flasks were tryp-

sinized with a phosphate-buffered saline solution contain
ing .05% trypsin, .002% ethylenediame tetraacetic acid
(EDTA) (at each sub-passage) and additional flasks were
seeded with one half of the original cell concentration
(1:2 dilution).

Between each subpassage cells were

maintained at 37°C with 5% C02 for 4 to 7 days to form a
confluent monolayer of cells.

After seven sub-passages,

all monolayered cells used for the co-culture experiments
were frozen in liquid nitrogen (*-196°C).

Fibroblast cells

used for human co-culture had been previously frozen and
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stored for >30 days prior to use.
Preparation of Monolayers for Co-culture
Fetal uterine fibroblasts used in this study were
screened for the presence of viruses using direct or
indirect fluorescent antibody techniques (Kuchler, 1977).
The fibroblast cells were carefully screened for infectious
bovine rhinotracheitis virus, bovine parainfluenza virus,
bovine viral diarrhea virus, bovine leukemia virus, bovine
syncytial virus and bovine visna virus and resulted
negative.
Monolayers for the pronuclear embryo co-culture
studies were prepared by plating

1

x

105

viable fibroblasts

per well in four-well tissue culture plates (Nunc™,
Denmark) 24 to 48 hours prior to the onset of co-culture.
In preparation for culture, all wells were washed with 4 ml
of Ham's F-10 culture medium without FCS, antibiotics or
antimycotic.

This was followed by washing each well of the

culture plates with 4 ml of Earle's Balanced Salt solution.
The fibroblast cells were washed with this medium to remove
any remaining traces of fetal calf serum, antibiotics or
antimycotic.

All human pronuclear embryos were co-cultured

on the prepared monolayer with Earle's Balanced Salt
solution (Edwards et al., 1984) supplemented with 15% heatinactivated human serum,
of pyruvate (EBSS).

1

mg/ml of glucose and

.011

mg/ml

The EBSS used during co-culture in

this study had a pH of 7.4 and osmolarity ranging from 284
to 287 mOsm.
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Patients and Co-culture Study
Infertile couples with a long duration of infertility
were subjected to IVF for a variety of disorders.

Methods

for ovulation induction, oocyte collection, embryo culture
and cryopreservation have been described elsewhere (Cohen
et al., 1988a,b).

A maximum of three embryos were replaced

per attempt and the remainder was cryopreserved following
one or two cleavage divisions for the duration of this
study.
Treatment A (control) consisted of culturing zygotes
in .75 ml of EBSS in a four-well plate with each well
covered with .75 ml of equilibrated paraffin oil.

Treat

ment B (monolayer) consisted of zygotes cultured on a
monolayer of fetal bovine uterine fibroblasts in a fourwell plate, with each well containing .75 ml of EBSS and
.75 ml of equalibrated paraffin oil.

The embryos in

Treatments A and B were washed through several 60

fil

droplets of EBSS to remove any spermatozoa-and cumulus
cells prior to co-culture.

All embryos were placed in

desiccator (exposed to 5% C02 , .5% 0 2 and 90% N2) and
placed in a 37°C incubator for a 24 to 36 hours.
Zygotes were randomly allotted across both treatment
groups when four or more oocytes were obtained per patient.
This procedure was followed when possible to reduce patient
variability across treatment groups.

When less than four

oocytes were fertilized per patient, the zygotes (as a
group) were randomly allotted to one of the treatments.
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Embryos were evaluated for number of blastomeres and
amount of cellular fragmentation present prior to culture,
after 24 hours in culture and just prior to embryo replace
ment and(or) cryopreservation.

Time of embryo replacement

or cryopreservation was also recorded to assess the rate of
embryo development.
The amount of cellular (blastomere) fragmentation was
based on the percentage of cellular fragmentation occupying
the total embryonic cell mass.

Embryos with less than 10%

fragmentation were assigned a score of "1 " and those with
10 to 25% fragmentation a score of ”2", while those with
greater than 25% cellular fragmentation were assigned a
score of "3".

At 24 hours of co-culture (Tj_), the number

of blastomeres and the amount of fragmentation were
recorded.

Embryos were again evaluated for the number of

blastomeres and the amount of fragmentation present prior
to replacement or cryopreservation.

If this occurred in

less than 5 hours after the time period

then observa

tions on embryo development were recorded under time period
"T2 n . When replacement or cryopreservation occurred at >5
and

<10

hours after T1# the number of blastomeres and the

amount of fragmentation were noted under time period "1 3 ".
The time of embryo replacement (T2 or T3) was depend
ent on program organization and not known to the investi
gators.

Pregnancy was confirmed following visualization of

fetal heart beat activity on ultrasound.
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Development of Polvspermic -Zygotes on _co-c.ult.ures
In a another experiment, three-pronucleate zygotes
(n - 35) resulting from the in vitro fertilization proce
dure in patient treatment Phase I (August, 1987) and Phase
II (November, 1987) were cultured either on a monolayer of
fetal bovine uterine fibroblast cells with EBSS (n = 9) or
cultured in EBSS only (n = 26).

These zygotes were evalu

ated at 24-hour intervals and the stage of development and
amount of cellular fragmentation recorded.

All the three-

pronucleate zygotes were allowed to remain in culture until
embryonic development ceased.
statistical Analysis
The effect of phase of ova retrieval (Phases I or II),
number of ova retrieved, culture system (treatment) and the
stage of embryo development across time were analyzed using
the following general linear model (Searle, 1971):
Y = XB + e
where "Y" represents the vector of dependent variables:
number of ova retrieved, embryo cellular fragmentation and
pregnancy rates; “B" is the vector of the above independent
variables and interactions; "X" is the incidence matrix (0
and

1)

corresponding to the fixed affects in B; and "e" is

the error term.

Due to the nature of the distribution of

the vector Y, the number of blastomeres and amount of
cellular fragmentation present has been converted to a
nearly normal distributed vector by the square root of
(Y +

k)

transformation and thus makes the e vector have an
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expected approximate variance of
Anscombe, 1948).

\

(Bartlett, 1947;

The coded values for the incidence of

pregnancy were kept as binary variables of zero and one
under the assumption of normality (a large sample size).
The search for the best model was conducted for each
dependent variable by the minimum means square error
criteria.

As previously noted, treatment effects were not

adjusted for number of embryos replaced.

All analyses were

conducted using Statistical Analysis System (SAS, 1985).
Results
During Phases I and II, a mean (±SE) of 3.7±.3 and
5.5±.5 oocytes were collected per patient.

IVF resulted in

132 and 140 zygotes available for Treatment A (control) and
Treatment B (co-culture), respectively.

In Phase I, 58

zygotes were allotted to Treatment A, with all 58 of these
embryos replaced in patients following culture.

Seventy-

four zygotes were allocated to Treatment B and 42 of these
were replaced and remainder was cryopreserved.

In Phase

II, 32 zygotes were allotted to Treatment A and 28 of these
were replaced following cleavage.

In Treatment B, 108 and

67 zygotes were cultured and replaced, respectively, with
the remaining zygotes cryopreserved.
The mean number of zygotes*per patient allotted to
Treatments A and B across Phases I and II was 3.5±.3 and
3.7±.4, respectively.

The mean number of embryos replaced

was 2.9±.04 and 2.8±.04 for patients in Phases I and II,
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respectively.

In Treatments A (control) and B (co-culture)

the mean number of embryos replaced per patient was 2.9±.04
and 2.9±.04, respectively.

Similar number of embryos were

replaced per patient at time periods T 2 and T3.
All zygotes assigned to treatment groups were con
sidered potentially viable at the time of allotment to
treatment.

The mean number of blastomeres per embryo at T^

was 3.30+.09 and 3.06±.12 for Treatments A and B, respec
tively, (Table 16) and these mean were not statistically
different.

At T2, the cellular fragmentation rate for

Treatment A was .85±.07 which was significantly greater
(P < .05) than the fragmentation rate for co-cultured
embryos of .40±.06 in Treatment B.
At the time when embryos were either replaced or
cryopreserved, the mean number of blastomeres present for
embryos in Treatment A was 3.70±.10 and 3.72+.20 for time
periods T 2 and T3, respectively.

Embryos in Treatment B

had 3.42 ±.17 and 4.25±.16 blastomeres present in time
periods T 2 and T3, respectively (Table 16).

The cellular

fragmentation rate in Treatment A was .98±.09 for T 2 and
was significantly greater (P < .05) than the fragmentation
rate of .59±.ll in Treatment B (Figure 7).

The combined

effect of treatment and time on number of blastomeres
present during culture was significant (P < .01).
A corresponding pattern for increased cellular
fragmentation was not detected across time in culture
(Table 16).

The rate of cellular fragmentation was not
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TABLE 16. MEAN NUMBER OF CELLS PER EMBRYO AND AMOUNT OF
CELLULAR FRAGMENTATION WITHIN TIME FOR TWO DIFFERENT
EMBRYO CULTURE SYSTEMS

Treatm ent

No. of blastomeres/embrvo
Time period
t3
Tt
t2

Cellular fragmentation rate
Time Deriod
Tt
t2
t3

Treatm ent A
(control)

3.30
±.09

3.70
±.10

3.72a
±.20

.85a
±.07

.98a
±.09

.63
±.10

Treatm ent B
(monolayer)

3.06
±.12

3.42
±.17

4.25b
±.16

.40b
±.06

.59b
±.11

.44
±.08

a,b M eans (±SE) within the sam e columns with different superscripts differ (P<.05)

1

Treatment

No. of Cells/Embryo

□ A -C ontrol
0 B - Fatal bovine uterine fibroblasts

24

25-29
30-34
Time in Culture (hours)

Figure 7. Effect of treatment and time in culture
on num ber of blastom eres per embryo.
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dependent on time in culture for either of the treatment
groups.
Mean incidence of implantation for all patients
(n = 36) included in Treatment A was 17% which was lower
(F < .05) than that (35%) for patients (n = 40) included in
Treatment B (Figure 8).

The mean pregnancy rates between

Phase I and Phase II were significantly different
(P < .05), with a higher pregnancy rate recorded in Phase
II.

The combined incidence of implantation in Phases I and

II was 20% (n = 30) and 0% (n = 6) at T2 and T3 , respec
tively, for Treatment A and pregnancy rates were 26% (n =
19) and 43% (n = 21) at
Treatment B.

t2

and T3 , respectively, for

The incidence of implantation for Treatments

A and B at T2 were not significantly different (Table 17);
whereas, pregnancy rates at T3 were significantly greater
for Treatment B than for Treatment A.

The incidence of

implantation of embryos exposed to Treatment A tended to
decrease with time in culture, however, the incidence of
implantation for embryos in Treatment B increased with time
in culture (Figure 8).
Co-culture of three-pronucleate zygotes in the second
trial resulted in 7/9 (78%) and 4/9 (44%) reaching the
blastocyst and expanded blastocyst stages, respectively.
In contrast, only 1/26 (4%) three-pronucleate zygotes
cultured in EBSS alone reached either of these develop
mental stages.

Incidence of Implantation (%)

Treatment
50

-

D A -C o n tro l
B - Fetal bovine uterine fibroblasts

40
30

20
10

25-29

30-34

Overall

Time in Culture (hours)
Figure 8. Pregnancy rates across culture
treatm ents and by time in culture.
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TABLE 17. MEAN INCIDENCE O F IMPLANTATION AFTER CULTURING
PRONUCLEAR EM BRYOS IN TWO DIFFERENT CULTURE SY STEM S
Treatment

.

Time

-A

B

P aram eter

Treatment
A
B

t2

t3

t2

t3

t2

t3

No. of Patients

36

40

49

27

30

6

19

21

% Implantation

17a

35b

22

33

20a

0b

26a

43b

a -b M eans (±SE) within the sam e row under the sam e subheading with different su p e rs c rip ts
differ Pc.05,
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Discussion
The current results suggest that fetal bovine uterine
fibroblasts create an appropriate environment for culturing
human zygotes prior to embryo replacement.

Although the

number of observations in this study were limited due to
the nature of human IVF, a significant increase in implan
tation was demonstrated following co-culture.
the occurrence of

Moreover,

cellular fragmentation diminished when

embryos were allowed to cleave on co-culture and more
polyspermic spare embryos reached the blastocyst stage.
Fragmentation in human embryos is commonly observed and
inhibits implantation when more than 25% of the embryo has
fragmented (Cohen, personal communication).
The overall results of this study are in agreement
with that reported for culturing early-stage ovine embryos
in an oviductal culture system (Rexroad and Powell,
1988a,b).

Wiemer et al. (1989a) have noted similar rates

of development for morula-stage bovine embryos cultured
during the first 24 hours in culture medium only or on a
feeder cell system of fetal bovine uterine fibroblast
cells.

However, after 24 hours of culture, control embryos

had a significantly greater cellular fragmentation rate
than the co-cultured embryos.

The marked fragmentation

noted for control embryos reflected the occurrence of
blastomere degeneration.

Gandolfi and Moor (1987) have

reported that cellular fragmentation occurred in earlystage ovine embryos with time in culture medium compared
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with embryos co-cultured on either sheep oviductal epithilial or fibroblast cells.
At time of replacement or cryopreservation, the mean
number of blastomeres present per embryo was not sig
nificantly different across treatments.

This finding was

different than those previously reported for long-term
culture studies (>72 hours) using porcine (Allen and
Wright, 1984), bovine (Kuzan and Wright, 1982b; Wiemer et
al., 1987, 1989a) and ovine embryos (Gandolfi and Moor,
1987; Rexroad and Powell, 1988a,b) where cell numbers per
embryo increased significantly on feeder cell systems over
that of the control medium alone.
In the present study, culture periods were all less
than 48 hours in duration.

Therefore, the benefits of co

culture on embryonic cell growth may only become evident
after 48 hours in culture.

Eyestone et al. (1987b) have

reported that 46% of cultured five- to eight-cell bovine
embryos developed to late raorulae or blastocysts after 4 to
5 days in an oviductal culture system while none of the
embryos cultured in medium alone passed through the eightto 16-cell stage of development.

The difference in the

rate of cellular growth between species may result from the
disparity in the length of culture but also from the
disparity in the in vitro culture of embryos in species
with a known cell-block (e.g. ovine or bovine), and species
without such a block as with humans.
The implantation of conventionally-cultured control

embryos decreased with time in this study, suggesting that
embryos became less viable with time in culture.

A limited

sample size, in this case, may have had some influence on
the final results.

Culturing human embryos with fetal

uterine cells, however, did not inhibit embryonic growth.
With a longer exposure to the co-culture, human embryos had
an increase in implantation rate.

Baker and Shea (1985)

and Voelkel et al. (1985) have reported reduced viability
of bovine morulae and split-morulae cultured in medium
without a supportive fibroblast monolayer system.

Corre

spondingly, monolayer culture systems have been shown to be
advantageous over medium alone for In vitro development of
murine embryos (cole and Paul, 1965), porcine (Kuzan and
Wright, 1982a; Allen and Wright, 1984) and bovine embryos
(Wiemer et al., 1987? Pool et al., 1988).

It should be

noted that laboratory animals (e.g. mice) may not be an
entirely appropriate model for comparison as development
rates for these embryos are usually higher in less optimal
culture conditions.
In this study, three-pronucleate zygotes were capable
of developing to the expanded blastocyst stage when
cultured on a supportive fetal fibroblast monolayer system.
These results are in agreement with those of Kuzan and
Wright (1982b), Eyestone et al. (1987b) and Wiemer et al.
(1987, 1989a) when feeder cell systems were used to culture
diploid bovine embryos.
EBSS is a relatively simple medium and may not provide
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the necessary nutrients needed for fibroblasts to support
the developing embryos for an extended period of time.

In

this study, however, the fibroblasts did proliferate in the
EBSS medium.

The absence of essential and non-essential

fatty acids, vitamins and sugars found in comraerciallyavailable enriched culture media may not provide suitable
conditions for fibroblast growth to support embryos for
extended periods of time.

It would be of considerable

advantage to culture diploid zygotes to the expanded
blastocyst stage for cryopreservation or genetic screening.
It is not unlikely that a greater percentage of embryos
would implant following cryopreservation at that stage
(Cohen et al., 1986).
expanded

IVP patients could have all their

blastocyst cryopreserved and then replaced after

the effects of exogenous gonadotropins had subsided.
The nature of the benefits of a feeder cell system is
at present not well understood.

Kuzan and Wright (1982a,b)

and Allen and Wright (1984) have suggested that possibly
fibroblasts produce nutrients and(or) remove toxic metabo
lites produced by the developing embryos.

Allen and Wright

(1984) noted that fibroblast-to-embryo contact was impor
tant for embryo development since "conditioned" medium
without supportive cells did not enhance embryo develop
ment.
Uterine fibroblasts may be producing metabolic
intermediates that stimulate embryonic growth and develop
ment in vitro.

Sutton et al. (1984) have reported isolat
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ing a stimulatory glycoprotein from ovine oviductal fluids.
Such a protein or peptide could stimulate embryonic
cleavage and may possibly be produced by the uterine
fibroblasts in culture.

Hyde and Black (1986) have shown

that a sulphated glycoprotein they isolated from rabbit
oviductal explants had cell stimulatory properties that
mimic the oviductal environment when placed in an i n vitro
system.

Correspondingly, Lippes and Wagh (1986) have been

able isolate unique proteins produced by human oviductal
cells that may also be embryotrophic in nature.

Produc

tion of such peptides and(or) proteins by oviductal cells
and(or) uterine fibroblasts could enhance early embryonic
development in culture.
Addition of plasminogen to serum-free medium for
bovine embryos has been shown to hasten the initiation and
completion of blastocyst hatching when compared with serumfree medium without plasminogen (Henino and Williams,
1987).

Therefore, it is possible that feeder cell culture

systems provide plasminogen or an unknown factors that
could account for the increased number of hatched blas
tocysts when compared with conventional culture systems
(Kuzan and Wright, 1982a,b; Wiemer et al., 1989a; Pool et
al., 1988).
In summary, it may be an advantage to use fetal cells
instead of adult cells for co-culture of human embryos.
Fetal cells are less likely to have been exposed to
microorganisms while in utero.

Fetal uterine fibroblasts

may be able to produce more embryonic growth factors
and(or) remove more toxic metabolites than cells originat
ing from of mature animals (Allen and Wright, 1984).

In

addition, it is proposed that utilization of oviductal
rather than uterine cells of fetal origin could provide a
more suitable environment for early-stage human embryos.

SUMMARY AND CONCLUSION
Five experiments were conducted to evaluate the in
vitro development and viability murine, bovine, equine and
human embryos when co-cultured on a monolayer of fetal
bovine uterine fibroblast (FBUC).

In addition, two of

these experiments evaluated the pregnancy rates of FBUC co
cultured equine and human embryos.
The first experiment compared the growth charac
teristics of the FBUC culture system as well as the
development of one-cell murine embryos in different In
vitro culture systems.

The FBUC cell counts continued to

increase in a linear fashion throughout the duration of the
6-day incubation period.

Viability scores of murine

embryos after 96 hours in culture was considerably higher
when co-cultured on a monolayer of either human or fetal
bovine uterine fibroblasts.

These co-cultured embryos were

able to overcome the in vitro two-cell block in a medium
that usually does not allow further development in vitro. .
These results suggest that both monolayer cell types
produced embryotropic substances not present in the culture
medium.

Results from the first experiment using the FBUC

were encouraging, therefore, this co-culture system was
considered worthy of further experimentation.
Experiment II was conducted to assess the possibility
that steroid pretreatment of FBUC would enchance the
secretion of embryotropic substances by these cells i n
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vitro.

In this study, bovine morulae were cultured in

either Ham's F-10 only, a monolayer of FBUC or a monolayer
of steroid pretreated FBUC.

The results indicated that

embryo viability was highest overall when using a non
treated FBUC monolayer.

The data suggested that steroid

pretreatment of FBUC may have actually decreased secretory
function of this culture system.

The non-treated FBUC

system did provide an excellent environment for bovine
morulae to develop into hatching blastocysts in vitro.
Experiment III was designed to evaluate the in vitro
development of equine embryos cultured on FBUC.

Culture

results indicated that early-stage embryos tended to
benefit from the FBUC monolayer co-culture system.

No

added benefits were noted for these early stage embryos
when cultured in Ham's F-12 medium alone or on a monolayer
of fetal equine uterine fibroblasts.

In contrast, later-

stage equine embryos also developed efficiently in vitro
when cultured in Ham's F-12 alone.

These results suggest

that early- and late-stage equine embryos may have dif
ferent requirements for in vitro development.

In addition,

these results suggested that increase in embryo diameter
and advancement in morphological stage may be a valid
criteria to assess development for only the initial 24
hours in culture.

After 24 hours in culture, the viability

of these cultured embryos markedly decreased while mean
embryo diameter continued to increase in culture.
The objective of Experiment IV was to evaluate the
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pregnancy rate of fresh transferred equine embryos to those
cultured for 24 hours on a monolayer of FBUC.

Results

indicated that there was no significant difference in
pregnancy rates for fresh versus co-cultured embryos.

In

addition, results showed that embryos that developed into a
pregnancy had a faster rate of development than those
cultured embryos that failed to produce a pregnancy.

These

findings suggest that the FBUC culture system could be
considered for use to evaluate embryo development in mares
with a history of early embryo mortality.

In addition,

such a co-culture system could provide a viable alternative
to cryopreservation for the transportation of equine
embryos.
Experiment V was designed to study the morphological
development of human zygotes resulting from in vitro
fertilization and to establish pregnancies in patients
following embryo replacement.

In this study, zygotes were

cultured in either medium alone or on a monolayer of FBUC.
Results demonstrated that co-culture of human zygotes on
FBUC prior to replacement reduced the amount of blastomere
fragmentation and increased the incidence of implantation.
Implantation rates increased as the culture interval
increased for co-cultured embryos when compared with
embryos in medium alone.

These results indicate that human

embryos had a marked improvement in overall embryo morpho
logy as well as implantation rates when cultured on a FBUC
monolayer.

In conclusion, this series of studies indicates that
the FBUC monolayer culture system increased the viability
of embryos i n vitro,

in addition, results suggest that

embryotropic factors produced by this monolayer could
enhance development of embryos from those mammalian species
evaluated.

This FBUC monolayer system provided excellent

overall embryo development when compared to that previously
reported for adult fibroblast co-culture systems.

This

FBUC co-culture system was relatively simple to prepare and
relatively easy to maintain.

Therefore, it is proposed

that this co-culture system has the potential for commer
cial application, and will likely become an important
component of embryo culture methodology in the years to
come.
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